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ABSTRACT OF THESIS 
 
 
STANDARDIZED ILEAL DIGESTIBLE TRYPTOPHAN TO LYSINE RATIOS IN 
GROWING PIGS FED U.S.–TYPE AND NON–U.S.–TYPE FEEDSTUFFS 
 
 The objective of these studies was to determine the optimum standardized ileal 
digestible tryptophan to lysine (SID Trp:Lys) ratio for growing pigs fed both U.S.–type 
(corn–soybean meal) and non–U.S.–type (wheat–barley) diets. 
 When feeding U.S.–type diets, average daily gain (ADG) and plasma urea 
nitrogen (PUN) concentrations improved as SID Trp:Lys ratios increased, yielding 
optimum ratios of 15.32% (P<0.001) and 15.25% (P<0.001), respectively. Averaging 
these resulted in an optimum SID Trp:Lys ratio of 15.29%. In non–U.S.–type diets, 
feeding increasing SID Trp:Lys ratios improved ADG and PUN, displaying optima of 
15.99% (P=0.048) and 15.29% (P=0.054), respectively. This produced an average 
optimum SID Trp:Lys ratio of 15.64%. The final study included the other dietary 
essential amino acids (EAA) at a higher level, and ADG and PUN improved as SID 
Trp:Lys ratios increased, yielding optima of 17.93% (P<0.001) and 16.17% (P=0.009). 
This averaged to an optimum SID Trp:Lys ratio of 17.05%.   
 Overall, diet composition did not affect the Trp:Lys requirement of growing pigs, 
however, feeding the other EAA at higher levels resulted in a higher estimated optimum 
SID Trp:Lys ratio. The optimum SID Trp:Lys ratio is estimated to lie between 15.29% 
and 17.05% 
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CHAPTER 1. Introduction 
 Tryptophan (Trp) is an interesting and complex amino acid (AA) that is essential 
for animal growth.  It was first discovered by Sir Frederick Gowland of England in 1901, 
who later demonstrated that it was a dietary essential because it could not be synthesized 
by the body (Cowgill, 1950). Aside from its primary role in protein synthesis, Trp also 
plays key roles in several metabolic processes within the body. Tryptophan (Figure 1.1) 
is the precursor for serotonin (5–hydroxytryptamine) which regulates a variety of 
biological responses including appetite, sleep, and stress responses (Wolf, 1974; Sève et 
al., 1991; Henry et al., 1992; Sainio, 1996; Sève, 1999; Kerr et al., 2002; Le Floc’h and 
Sève, 2007).  
 
Figure 1.1. The structure of Tryptophan. 
 In swine, Trp is generally considered the second or third limiting AA in U.S.–type 
corn–soybean meal diets, and fourth limiting in Canadian/European wheat–barley diets 
(Heger et al., 2002; Lewis, 2001). Since lysine (Lys) is generally first limiting in all 
swine diets for protein synthesis, the remaining essential amino acids (EAA) are 
generally reported as a percentage (ratio) of the Lys content in the diet. It has been clearly 
identified that inadequate levels of dietary Trp depress voluntary feed intake and thus 
growth performance in pigs (Boomgaardt and Baker, 1973; Russell et al., 1983; Sève et 
al., 1991; Burgoon et al., 1992; Henry et al., 1992; Han et al., 1993; Batterham et al., 
1994; Henry et al., 1996; Eder et al., 2003; Susenbeth, 2006). 
 The Trp requirements of pigs have been evaluated extensively in a variety of 
settings, but it remains a controversial issue due in part to the considerable amount of 
variation that exists among the published data (Susenbeth, 2006).  Thus far, the bulk of 
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this research has been in the area of nursery pig nutrition, with progressively less research 
having been conducted utilizing growing and finishing pigs. The majority of the studies 
examining the tryptophan to lysine (Trp:Lys) ratio requirements of pigs to date have 
utilized U.S.–type, corn–soybean meal based diets (or some slight variation). Recently, 
speculation has arisen regarding the optimum Trp:Lys ratio in pigs fed diets containing 
non–U.S.–type ingredients (specifically wheat, barley, and/or peas), suggesting that ratios 
above NRC (1998) estimates may be needed. In addition, there has been speculation 
regarding the other essential amino acids (EAA) in Trp:Lys ratio diets, suggesting that 
feeding levels above that described by the ideal protein concept may in fact yield greater 
performance and more precise estimation of the Trp:Lys ratio requirement. 
 In the current age of high corn prices, inclusion of alternative feedstuffs to 
maximize least–cost feed formulation has had significant impact on supplemental AA 
inclusion in swine diets. It is very important that the Trp:Lys ratio requirement (as well as 
the other EAA:Lys requirements) be well defined because of the high price of synthetic 
AA. It is critical to accurately define the Trp requirement of pigs in order to promote 
efficiency, which is valuable not only from an economic standpoint, but also from an 
environmental standpoint as well.  
 Therefore, the objective of the current research was to evaluate the optimum 
standard ileal digestible (SID) Trp:Lys ratio for growing pigs fed U.S.–type diets 
(Chapter 3), non–U.S.–type diets (Chapter 4), and U.S.–type diets formulated to contain 
higher levels of the other essential amino acids (Met+Cys, Arg, His, Ile, Leu, Thr, and 
Val) (Chapter 5).  
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CHAPTER 2. Literature Review 
2.1. Early Nitrogen nutrition (Pre–1900) 
 It was first determined that nitrogen (N) was a dietary essential for animal life 
through the work of Francois Magendie in the early 1800’s in France (Carpenter, 2003a; 
Bergen, 2007). Magendie examined the dietary essentiality of N through a series of 
simple experiments that utilized diets of pure carbohydrates, sugars or fats (all lacking N) 
fed to dogs. First tested was sugar, which the dog ate well for about two weeks, but it 
then began to lose weight and it eventually died one month later. This was repeated with 
several other N–free foods, in each case producing the same results. His main conclusion 
from these studies was that the majority of N in a dog’s tissues must be obtained from the 
diet (opposed to atmospheric N), and that it was in fact essential for promoting animal 
life. Although Magendie’s reasoning may not have considered the possibility that another 
deficiency in addition to N may have arisen in his experiments, his work was clearly 
ground breaking in the history of nutritional research and it paved the way for further 
research in this area. In addition, Magendie’s work introduced the notion that animals 
could be used as a model for humans in nutritional studies; an idea that has held steadfast 
ever since.  
 Magendie’s work was followed by another French scientist by the name of Jean 
Baptiste Boussingault in the 1830’s. He first began his career studying an animal’s ability 
to utilize atmospheric N for growth. Later he turned to working with animal species 
(mainly cattle and horses), performing several feeding trials where he recorded feed 
intake and collected the animal’s feed and excreta for analysis of its N content. He 
concluded that an animal could obtain sufficient N from its diet to adequately meet its 
nutritional requirements and that there was no need to hypothesize that N was obtained 
from the atmosphere. Boussingault’s experiments appear to be the first of the thousands 
of “balance” trials that would be carried out until the present day in all aspects of 
nutritional research (Carpenter, 2003a).  
 The balance technique developed by Boussingault became the primary approach 
used to study N metabolism, and still remains a valid method to this day. Towards the 
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end of the 19th century, the study of N metabolism was carried out using humans, rats, 
and farm animals by researchers such as Justus Lebig, Carl Voit, Wilbur Atwater, Russell 
Chittenden, and many others (Carpenter, 2003b). Interest in N metabolism continued to 
increase as the 20th century approached, along with further incorporation of livestock 
species as subjects in nutritional research studies (driven by the desire to improve food 
production). Magendie’s approach of feeding single–ingredient diets resurfaced around 
the turn of the 20th century, and was used for feedstuff evaluation. However, early studies 
indicated that pigs fed single feedstuff diets grew slower than similar pigs fed a mixed 
feedstuff diets. This was later attributed to the quality of the nitrogenous components that 
were present in the various feedstuffs, and the first notion of what is now referred to as 
“protein quality.” Osborne and Mendel later reported that the effects of feeding certain 
feedstuffs (referring to lower quality protein sources) could be remedied by the addition 
of a higher quality protein source. The idea of protein supplementation emerged from 
these studies, which is widely applied in diet formulation today (Carpenter, 2003b; 
Bergen, 2007). 
 By the beginning of the 20th century, several advances in the understanding of N 
metabolism emerged that accelerated N and protein research further ahead. It was 
determined that urea was the resulting end product of N–metabolism, which could be 
used as a direct measure for interpreting N–metabolism. Other advances added to 
nutritional studies included the use of N–free diets, purified diets, methods for the 
identification and characterization of proteins, and procedures for amino acid (AA) 
analysis. Therefore, nutritionists were presented with a variety of experimental 
procedures (N balance, N–free diets, purified and chemically defined diets) along with 
established and emerging analytical methods (N analysis, urea–N analysis, protein 
isolation and characterization) which could be used to determine the N/protein 
requirements of humans, rodents, and farm animals, as well as identifying the protein 
quality of different feedstuffs. These became the primary focus for research regarding N–
nutrition until later in the 20th century when the research focus drifted towards the 
mechanisms of protein metabolism (Bergen, 2007). 
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2.2. Early crude protein requirements 
 The term “crude protein” is generally used to describe the protein content of 
swine diets. This is determined by laboratory analysis, where the determined N content of 
the diet is multiplied by a factor of 6.25. This factor is used based on the assumption that 
the average N content of the protein in mixed swine diets is 16 g N/100 g protein (100/16 
=6.25). Crude protein (CP) is the estimate of the total protein content of the diet, which 
includes both true protein (AA, each containing N) and nonprotein N (NPN).  The AA 
are the only essential nutrients in a protein, as the small NPN portion provides little 
additional benefit to the pig. Therefore, CP values are considered accurate for most 
purposes in swine nutrition (NRC, 1998; Lewis, 2001).  
 By the beginning of the 20th century, it had been well established that providing 
ample amounts of CP from good quality feedstuffs was critical for swine growth. 
Although at this time it was known that protein was composed of different AA, some 
essential for optimal growth, the exact requirement by the pig for these essentials were 
not known. Therefore most swine diets until around the 1950’s were formulated to a 
particular level of CP (as well as other essential minerals and vitamins), assuming that the 
CP in the diet would satisfy the pigs’ AA requirements (Carroll and Krider, 1950; Baker, 
1997).  
 The cereal grains commonly included in swine diets are generally considered 
low–quality protein sources that, when fed alone, do not adequately meet the pigs’ 
protein requirement. It was discovered that replacing a portion of the cereal grains with a 
feedstuff of greater protein quality (soybean meal, meat scraps, tankage, fish meal, dairy 
or bakery by–products) created a “balanced ration,” which greatly improved pig growth 
(Carrol and Krider, 1950). This was supported by a number of studies, most famous by 
Becker et al. (1954) at the University of Illinois, who demonstrated the use of the corn 
and soybean meal diet that eventually became the standard for swine diets in the United 
States.  
 Early CP levels in swine diets were generally quite high, as research began with 
feeding high levels of protein–rich feedstuffs. In addition, it was believed that an 
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unbalanced diet, particularly one low in CP, would be consumed in a much smaller 
quantity than with a high–CP ration. The CP levels in swine diets before the 1930’s 
ranged from 10%, all the way up to 40% of the diet depending on the feedstuffs included 
(Carroll and Krider, 1950). As research progressed through the 1940’s and into the 
1950’s, it was determined that satisfactory growth could be achieved by feeding lower 
levels of CP (Becker et al., 1954). Table 2.1 displays the recommended CP allowances 
(from a summary of experiments) for the different growth stages of pigs in 1950 (Carroll 
and Krider, 1950).  
Table 2.1. Crude protein allowances (% of the diet) (Carroll and Krider, 1950) 
Class of swine and weight range                             Fed in drylot,  % crude protein 
Fed on pasture,    % 
crude protein 
Bred gilts and sows 14–15 11–12 
Lactating sows 15–17 12–13 
Pigs, weaning to 75 lb 20–22 16–17 
Pigs, 75–125 lb 15–18 14–15 
Pigs, 125–200 lb 14–15 12 
Pigs, 200 lb. up 12–13 9–10 
 This method of diet formulation based on CP served the animal production 
community relatively well for many years, as it remained in service well into the 1960’s. 
In fact, the United States feed labeling regulations still require that the information tag for 
any feedstuff list its CP content (Lewis, 2001). Research aimed at determining the AA 
requirements of swine emerged in full force around the mid–20th century, where through 
empirical feeding studies, growth, and N balance studies, early requirements of the 
essential AA were established (Bergen, 2007). In the early 1970’s, the availability of 
synthetic AA in the marketplace increased significantly (in response to the rising prices 
of high–protein feedstuffs such as soybean meal) and nutritionists began to formulate 
swine diets on the basis of meeting the pigs’ requirements of the essential AA (EAA) 
(Baker and Speer, 1983; Lewis, 2001; Bergen, 2007). Using the knowledge of the AA 
needs of the pig and the AA composition of common feedstuffs, diet formulation on an 
AA basis became a more precise and efficient approach than formulating on a CP basis 
(Lewis, 2001).  
 At this point, aspects of AA quantity as well as quality were considered when 
evaluating protein sources, and low–CP diets fortified with crystalline AA were 
7 
 
introduced as a way to minimize excess dietary AA (and thus N excretion). In the early 
1980’s, the Agricultural Research Council (ARC) of England introduced the concept of 
an ideal protein, defined as the perfect protein source that contains the exact balance of 
the EAA’s required by the pig for maintenance and protein accretion (without any excess 
EAA). Formulating swine diets on the basis of an ideal protein was aimed at accurately 
meeting each of the pig’s AA requirements, therefore enhancing the precision of the diet 
formulation (Baker, 1997; Lewis, 2001). The most recent edition of the NRC (1998) 
indicates that CP requirement should be 20.9% for nursery pigs (10–20 kg), 18% for 
growing pigs (20–50 kg), 15.5% for early finishing pigs (50–80 kg), and 13.2% for late–
finishing pigs (80–120 kg). Others have reported that reducing CP levels as low as 12% 
in growing finishing diets (with proper AA supplementation) can produce similar 
performance when compared to high CP diets (Tuitoek et al., 1997; Kerr et al., 2003). 
This approach has been widely accepted in swine nutrition as a way to maintain 
efficiency and minimize N excretion. 
2.3. Amino acid nutrition 
2.3.1. Essential and nonessential amino acids 
 Proteins are comprised of 20 different AA that are classified as either essential 
(10) or nonessential amino acids (NEAA) (10) for pigs. Essential (or indispensible) AA 
are classified as such because they cannot be synthesized by the pig, or if synthesized, are 
not produced at levels to adequately meet requirements. Therefore, a continuous supply 
from the diet is required to support maintenance and growth of the animal. Nonessential 
(or dispensable) AA are synthesized by the animal from the intermediates of the major 
metabolic pathways (glycolysis, citric acid cycle, etc.) or from excess EAA (NRC, 1998; 
Lewis, 2001). While both EAA and NEAA are required at the physiologic or metabolic 
level, typical swine diets generally contain adequate levels of NEAA or carbon skeletons 
with a N source required for this synthesis. Therefore in swine nutrition, most of the 
emphasis is placed primarily on the EAA (NRC, 1998).  
 The EAA’s include lysine (Lys), threonine (Thr), methionine (Met), tryptophan 
(Trp), phenylalanine (Phe), leucine (Leu), isoleucine (Ile), valine (Val), and histidine 
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(His) (NRC, 1998). Arginine (Arg) is another AA that is considered essential for most 
animal species; however swine (and other mammals) are capable of synthesizing Arg 
from surplus N (via the urea cycle) or from glutamine (Boisen et al., 2000). Regardless, 
Arg synthesis does not adequately meet the requirement of growing pigs and therefore 
Arg is considered a dietary essential AA. The sulfur AA, cysteine (Cys), is synthesized 
from Met, thus classifying it as nonessential. In fact, the dietary supply of Met can 
generally meet the pig’s total sulfur AA (TSAA) requirement (Met + Cys) (NRC, 1998). 
Similarly, tyrosine (Tyr) is also classified as a NEAA because it is synthesized by the 
hydroxylation of Phe (NRC, 1998). Since Met and Phe can meet the requirements of both 
Cys and Tyr, respectively, these are often considered together in practical diet 
formulation (Met+Cys; Phe+Tyr). Cys and Tyr along with Arg are sometimes referred to 
as semi–essential (or conditional) AA. The remaining NEAA [proline (Pro), glutamine 
(Gln), glycine (Gly), alanine (Ala), asparagine (Asn), asparatic acid (Asp), glutamic acid 
(Glu) and serine (Ser)] are synthesized from the products resulting from glycolysis (NRC, 
1998). Figure 2.1 displays the essential, semiessential and nonessential amino acids for 
growing pigs and the indicated synthetic pathways for semi–essential and nonessential 
amino acids (Boisen et al., 2000). 
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Figure 2.1. Essential, semiessential, and nonessential AA for growing pig grouped in 
relation to their functional groups (From Boisen et al., 2000).  
2.3.2. Protein quality 
 The quality of an individual protein source depends on its concentration of EAA. 
Proteins of animal origin such as egg products, dairy products, meat products (rendering 
by–products, blood meal, plasma, dried blood cells, etc.), and fish meal are considered 
high quality protein sources because they generally contain high levels of the EAA. 
Those of plant origin such as cereal grains (corn, wheat, barley, milo, rye, rice, etc.) and 
legumes (soybeans, peas, etc.) for example are considered low quality protein sources 
because they contain much lower levels of the EAA (Cunha, 1977; Boisen et al., 2000; 
Lewis, 2001). An exception to this would be soybean meal (SBM) and canola meal, 
which at 48% and 36% CP respectively, are considered high quality, plant protein 
sources (NRC, 1998).  
 If one particular AA in a diet is significantly lacking, it will hamper the utilization 
of the other AA in the diet (regardless if they are in adequate supply). Therefore it is 
critical to balance diets using a mixture of both low and high quality protein sources to 
ensure that all of the EAA are in adequate supply (NRC, 1998). The higher quality 
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protein supplements are usually somewhat low in one or more of the EAA, but this can 
be overcome by feeding a combination of protein sources (more common in nursery 
diets) (Cunha, 1977).  
2.3.3. Limiting amino acids in swine feedstuffs 
 The AA that exists in lowest amount in a diet relative to the requirement is 
referred to as the first–limiting AA, and the performance of the pig consuming this diet 
will be affected in relation to the extent of this deficiency. If the diet is modified to 
correct this deficiency, the AA with the next lowest concentration in relation to its 
requirement (second–limiting) will determine the pig’s performance. Therefore in diet 
formulation, information on the limiting order of AA in swine feedstuffs is critical in 
creating a balanced diet (Lewis, 2001). Examples of the order of limitation for protein 
sources and mixed diets are provided in Table 2.2 (Cromwell, 2004). 
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Table 2.2. Limiting AA in selected feed ingredients, simple diets, and complex diets for 
swineab (From Cromwell, 2004) 
    Limiting amino acids 
Feedstuff First Second Third Fourth Fifth Sixth 
Cereal grains 
Corn Lys Trp Thr Ile Val M+C 
Sorghum Lys Thr Trp M+C (Val Ile) 
Wheat Lys Thr (Ile Val M+C) Trp 
Barley Lys Thr Trp Ile Val M+C 
Oats Lys Thr Trp Ile Val M+C 
Protein sources 
Soybean meal M+C Thr Lys Val Trp Ile 
Canola meal Lys (Thr Trp) (Ile Val) M+C 
Cottonseed meal Lys Thr (Ile M+C) (Val Trp) 
Meat meal Trp M+C (Ile Thr Lys) Val 
Meat and bone meal Trp M+C (Thr Ile Lys) Val 
Blood meal Ile M+C Thr Lys Trp Val 
Fish meal Trp (Thr M+C) Val (Ile Lys) 
Miscellaneous 
Dried plasma Ile M+C Lys (Thr Val) Trp 
Dried blood cells Ile M+C Thr Trp Lys Val 
Dried whey M+C (Lys Val) Trp Thr Ile 
Simple diets 
Corn–soybean meal Lys Thr Trp M+C (Val Ile) 
Corn–canola Lys Trp Thr Ile Val M+C 
Corn–meal meal Trp Lys Thr Ile M+C Val 
Corn–meat and bone meal Trp Lys Thr Ile M+C Val 
Corn–fish meal Trp Lys Thr Ile Val M+C 
Corn–cottonseed meal Lys Thr Trp Ile (Val M+C) 
Sorghum–soybean meal Lys Thr M+C Trp Val Ile 
Wheat–soybean meal Lys Thr (Ile Val M+C) Trpc 
Barley–soybean meal Lys Thr M+C (Ile Val Trp) 
Oats–soybean meal Lys Thr Trp Ilec Valc M+Cc 
Corn–soybean + 5% fish meal Lys Trp Thr M+C (Ile Val) 
Corn–soybean + 5% fish meal Lys Trp Thr M+C Ile Val 
Complex diets 
Corn–soy + 30% dried wheyd M+C Lys Thr (Trp Val) Ile 
Corn–soy + 25% + whey + 6% plasmad M+C Thr (Trp Val) Lys Ile 
Corn–soy + 10% whey + 3% cellse M+C Thr Trp Lys Val Ile 
Effect of body weight (corn–soy diet) 
10 kg Lys M+C Thr Trp Val Ile 
20 kg Lys Thr M+C Trp Val Ile 
50 kg Lys Thr Trp M+C (Val Ile) 
  120 kg Lys Trp Thr Ile Valc M+Cc 
a Based on requirements for total amino acids (50 kg barrows and gilts, 325 g lean gain/day, 3,400 kcal DE/kg) and 
feedstuff composition listed by NRC (1998). Order is not included for the other four essential amino acids. 
b Amino acids within parentheses are nearly equally limiting. 
c Not limiting. 
d Requirement of 10 kg pigs. 
e Requirement of 20 kg pigs. 
 Worldwide, cereal grains are the primary feedstuff fed to pigs and generally 
supply between 30–60% of the dietary protein for growing finishing pigs and reproducing 
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sows (NRC, 1998). Table 2.2 lists the six most–limiting AA acids in cereal grains, as 
well as protein supplements, other miscellaneous feed ingredients, and various 
combinations of these ingredients commonly used in swine diets (Cromwell, 2004). 
Three AA (Lys, Trp, Thr) are critically important to consider when feeding cereal grains 
to pigs. Lysine is almost always first limiting, and is generally followed in limiting order 
by Trp in most U.S., corn–based diets. Threonine is often third limiting in corn and 
second limiting in the other cereals (Trp is then third limiting) (Lewis, 2001). Canadian– 
and European–style diets generally include wheat and barley as the cereal base, and 
therefore must be formulated to provide adequate levels of these same AA. Although not 
listed in Table 2.2, field peas are also commonly included in Canadian–European style 
diets (depending on the regional availability, in U.S. too; i.e., South Dakota), and their 
AA composition is somewhat similar to corn in that it has low levels of Lys and Trp 
(NRC, 1998). Stein et al. (2004) noted that when including field peas in corn–based diets, 
Trp may become first–limiting because corn protein also is quite low in Trp. Regardless, 
these three AA are very important to consider when formulating diets including cereal 
grains.  
 The protein supplements vary considerably more in their primary AA limiting 
order, mainly due to the differences in origin among the different ingredients. For 
example, SBM has relatively high levels of Lys compared with corn, but it contains 
relatively low levels of the sulfur AA (which are first limiting in SBM). The benefit of 
the contrast between these two feedstuffs is clear when fed in combination, which 
generally provides adequate levels of the limiting AA for growth in swine (NRC, 1998). 
The animal protein sources are generally high in lysine and are considered superior to 
plant protein sources. However, price is often a limiting factor for the inclusion of animal 
protein sources in pig diets, and are more commonly seen in nursery pig diets where feed 
intake is lower in comparison to that of growing–finishing diets (Lewis, 2001).  
2.3.4. The ideal protein concept and amino acid limiting order in swine diets 
 An “ideal protein” is one in which the pattern of AA corresponds to the exact AA 
requirements for maintenance and growth of the animal (NRC, 1998). Mitchell and Block 
(1946) first reported that the AA contained in a whole egg were in adequate supply to 
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meet the requirements of a laying hen, and therefore the “whole egg” was considered the 
“ideal protein” source. This became the reference standard for many years, as it was 
compared with common livestock feedstuffs as a way of evaluating their protein quality. 
In the late 1950’s and early 1960’s at the University of Illinois, H. H. Mitchell and H. M. 
Scott conceptualized the idea of an “ideal protein” through a plethora of chick studies. 
Scott developed a purified crystalline AA diet for chicks that contained AA in amounts 
that were very close to the animals’ requirements.  As research progressed in an attempt 
to further the “perfect” AA pattern, it became clear that the balance among EAA in the 
diet had profound effects on the efficacy of a diet, especially on voluntary feed intake 
(Baker, 1997). This concept of an ideal protein was later revived by the Agricultural 
Research Council with swine in the early 1980’s (ARC, 1981). Since then, much research 
has been conducted to determine the optimal dietary AA pattern or “ideal protein” in pigs 
(ARC, 1981; Wang and Fuller, 1989; Fuller et al., 1990; Baker and Chung, 1992; Baker 
1997).  
 The ARC (1981) introduced the concept of an “ideal protein” in swine diets 
where the EAA’s were expressed as percentage of Lys in the diet. This was a very bold 
and innovative approach that was aimed at improving AA nutrition in practice. By this 
time, it had been clearly identified that Lys was almost always the first limiting AA in 
swine diets, and that its primary function in the body was in protein accretion. It is 
therefore quite logical to first formulate the diet to account for the most limiting factor for 
growth. The ideal protein concept should be applicable to all pigs, regardless of size, rate 
of growth, or primary diet being fed (e.g. low/high energy, low/high protein). Practical 
feed formulation is simplified by formulating the diet to a particular level of Lys (which 
may vary depending on the genetic potential for protein deposition), with the dietary 
levels of the other EAA simply calculated from the ratio requirements (rather than having 
to rely on experimental evidence) (Baker, 1997). This concept is both logical and simple 
when applied in practice.  
 In the development of their ideal AA profile, the ARC (1981) used the whole–
carcass AA concentrations as the primary basis for setting the ratios of EAA:Lys. This 
was later deemed an invalid method for estimating AA ratios, due to the considerable 
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differences between the ideal ratios required for maintenance (which is included in the 
total requirement) and protein accretion, as well as the differences in which the individual 
AA are utilized among the differing tissue pools (Chung and Baker, 1992a; Baker and 
Chung, 1992; Baker, 1997). The ideal AA pattern proposed by the ARC (1981) is 
displayed in Table 2.3, along with the proposed profiles of Wang and Fuller (1989), 
Chung and Baker (1992a), and the NRC (1998). 
Table. 2.3. Ideal AA profiles for swine 
Amino acid ARC (1981) 
Wang and Fuller 
(1989) 
Chung and Baker 
(1992a) 
NRC 
(1998) 
Boisen et al. 
(2000) 
Lys 100 100 100 100 100 
Met + Cys 50 63 60 55 52 
Phe + Tyr 96 120 95 93 114 
Thr 60 72 65 60 64 
Leu 100 110 100 102 114 
Ile 55 60 60 54 57 
Val 70 75 68 68 74 
Trp 15 18 18 18 17 
Arg1 –– –– 42 48 –– 
His2 33 –– 32 32 35 
1 An Arg value was not specified in ARC (1981), and Wang and Fuller (1989).
2 A His value was not specified in Wang and Fuller (1989) and Boisen et al. (2000).
3This table combines Table 4 of Chung and Baker (1992a), with the calculated pattern from the ARC (1981), NRC 
(1998) and Boisen (2000). 
 The ideal AA profile proposed by the ARC (1981) was reassessed and later 
improved upon by Wang and Fuller (1989) at the Rowett Research Institute in Great 
Britain. Through a series of AA deletion and N–balance experiments that utilized casein–
AA based diets, these researchers proposed an ideal AA pattern for 25–50 kg gilts that 
included the ideal ratios (requirements) for maintenance and protein accretion (Wang and 
Fuller, 1989). Later, Fuller et al. (1989) proposed another ideal AA profile (experiments 
based similarly to Wang and Fuller (1989)) that estimated the requirement for 
maintenance and protein accretion separately. In comparison, the two profiles are quite 
close; Thr:Lys and TSAA:Lys were reduced from 72% to 64% and from 63% to 61% 
respectively, while Trp:Lys ratio was increased from 18% to 20%. The estimates for the 
maintenance requirements (as a ratio to Lys) were Met+Cys, 136%; Thr, 147%; Trp, 
31%; Val, 56%; Ile, 44%; Leu, 64%; Phe+Tyr, 103% (Fuller et al., 1989). Estimates for 
Arg and His were not provided by Wang and Fuller (1989) or Fuller et al. (1989), though 
they are both dietary essentials for growing pigs (Baker, 1997).  
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 Chung and Baker (1992a) from the University of Illinois published estimates for 
another ideal AA pattern using 10 kg pigs (Table 2.3). In their experiments, they 
compared 4 different ideal AA patterns (Table 2.4): two Illinois AA patterns (Illinois 
Ideal AA Pattern (IIP) and Illinois final AA Pattern (IFP)), the pattern from Wang and 
Fuller (1989; WFIP), and the calculated pattern from the NRC (1988; NRCP).  In a series 
of experiments, they fed these AA patterns at a reduced N level and examined growth 
performance and N retention. They utilized an approach of feeding all of the AA patterns 
at a reduced level of N and examined growth performance and N retention. 
 The IFP and NRCP yielded lower daily feed intake and daily gain results than did 
IIP, suggesting that a Trp:Lys ratio below 16% does not adequately stimulate feed intake 
in 10 kg pigs fed ad libitum. The NRCP may have also failed due to inadequate levels of 
Thr, Trp, His, Leu, Val, and TSAA. The IIP and WFIP were both capable of supporting 
growth and feed intake, with the IIP produced daily gains of 274 g/d and the WFIP at 235 
g/d, however, the IIP achieved this using 26% less dietary Phe + Tyr, 6% less TSAA, and 
10% less Leu, Val, and Thr. Therefore, daily gain (g) per gram of N intake (from 
indispensable AA) was greater (P < 0.05) for IIP (80.6 g) than for WFIP (71.2 g). 
Nitrogen retention was nearly identical in the pigs fed the IIP and the WFIP, but the IIP 
overall had lower dietary levels of EAA (as stated before). Therefore N retained (g) per 
gram of N intake (from indispensable AA) was greater (P < 0.01) for IIP (1.72) than for 
WFIP (1.63). Regarding Trp, it was interesting to note that N retention between the IIP 
(18% Trp:Lys) and the IFP (reported as 16% Trp to “effective” Lys) were nearly the 
same, but daily gain was higher in the IIP (274 g/d) than the IFP (219 g/d). It is likely that 
lower levels of the other EAA in the IFP may have contributed to the differences in daily 
gain. Nonetheless, it suggests that higher Trp:Lys ratios are required to promote optimal 
feed intake than simply for optimal N retention (Chung and Baker, 1992a). 
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Table 2.4. Comparison of four amino acid patterns for pigs fed chemically defined 
amino acid diets in which all indispensable amino acids were set at levels below the 
NRC (1988) requirements (Table 3 in Chung and Baker, 1992a)a 
Amino acid pattern, % of dietb 
IFP   IIP   WFIP   NRCP 
L–lysine 0.690   0.600 (100)   0.600 (100)   0.600 (100) 
L–arginine 0.290 0.250  (42) 0.250  (42) 0.250  (42) 
L–histidine 0.185 0.190  (32) 0.190  (32) 0.155  (26) 
L–tryptophan 0.950 0.110  (18) 0.110  (18) 0.090  (15) 
L–isoleucine 0.390 0.360  (60) 0.360  (60) 0.335  (56) 
L–leucine 0.600 0.600 (100) 0.660 (110) 0.445 (74) 
L–valine 0.415 0.410  (68) 0.450  (75) 0.335  (59) 
L–phenylalanine + L–tyrosinec 0.570 0.570  (95) 0.720 (120) 0.485  (81) 
DL–methionine + L–cystined 0.420 0.360  (60) 0.380  (63) 0.310  (52) 
L–threonine 0.390 0.390  (65) 0.430  (72) 0.355  (59) 
L–proline 0.200 0.200 0.200 0.200 
Glycine 0.600 0.600 0.600 0.600 
L–glutamate 4.855 5.270 4.955 5.840 
Nitrogen, % 1.182 1.182 1.182 1.182 
SEM 
Daily gain, g 219e 274f 235ef 206e 18 
Daily feed, g 553e 640f 570ef 501e 39 
Daily nitrogen, g 6.54e 7.56f 6.74ef 5.92e 0.46 
Gain:feed, g/kg 396 428 412 411 16 
Gain:nitrogen, g/g 33.5   36.2     34.9     34.8 1.3 
aData represent means of seven individually fed (ad libitum) pigs for a period of 14 d; average initial weight was 9.8 
kg. 
bPatters were as follows: IFP = Illinois Final Amino Acid Pattern; IIP = Illinois Ideal Amino Acid Pattern; WFIP = 
Wang and Fuller Ideal Amino Acid Pattern; NRCP = NRC Amino Acid Requirement Pattern. Numbers in 
parentheses are amino acid levels expressed as a percent of lysine. 
c53% L–phenylalanine + 47% L–tyrosine (wt:wt). 
dDL–methionine + 50% L–cysteine (wt:wt). 
e,fMeans with unlike superscript letters differ (P < 0.05). 
 The NRC (1998) proposed estimates for an ideal AA profile and these values are 
listed in Table 2.3 and Table 2.4. The estimates listed from the NRC (1998) were 
developed by reviewing experiments aimed solely on determination of ideal AA profiles. 
The ratios given in Table 2.4 for maintenance requirements were calculated by averaging 
the results from the University of Illinois (Baker et al., 1966a,b; Baker and Allee, 1970) 
and from the Rowett Research Institute (Fuller et al., 1989) then dividing by the 
maintenance requirement for Lys. As Arg is not required for maintenance, the stated 
value (–200) was meant to reflect that Arg synthesis can adequately meet the needs for 
maintenance, as well as some of the needs for tissue accretion. The requirement for His 
has not been determined. The University of Illinois’ values for Phe+Tyr were not 
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considered reliable and, therefore, were not included in the calculation of the values in 
Table 2.5 (NRC, 1998). 
Table 2.5. Ideal ratios of AA to Lysine for maintenance, protein accretion, milk 
synthesis, and body tissue (Table 2–1 from NRC (1998)) 
Amino Acid Maintenance1 Protein Accretion2 
Milk 
Synthesis3 
Body 
Tissue4 
 Lysine  100 100 100 100 
 Arginine  –200 48 66 105 
 Histidine  32 32 40 45 
 Isoleucine  75 54 55 50 
 Leucine  70 102 115 109 
 Methionine  28 27 26 27 
 Methionine + cystine  123 55 45 45 
 Phenylalanine  50 60 55 60 
 Phenylalanine + tyrosine  121 93 112 103 
 Threonine  151 60 58 58 
 Tryptophan  26 18 18 10 
 Valine  67 68 85 69 
1 Maintenance ratios were calculated based on the data of Baker et al. (1966a, b), Baker and Allee (1970), and 
Fuller et al. (1989). The negative value for Arg reflects Arg synthesis in excess of the needs for maintenance. 
2Accretion ratios were derived by starting with ratios from Fuller et al. (1989) and then adjusting to values that 
produced blends for maintenance + accretion that were more consistent with recent empirically determined 
values (Baker and Chung, 1992; Baker et al., 1993; Hahn and Baker, 1995; Baker, 1997). 
3Milk protein synthesis ratios were those proposed by Pettigrew (1993) based on a survey of the literature; the 
value of 73 for Val proposed by Pettigrew was modified to 85. 
4Body tissue protein ratios were from a survey of the literature (Pettigrew, 1993). 
 The application of the ideal protein concept in practical feed formulation is a 
valuable approach that simplifies and enhances the precision of swine AA nutrition. The 
important benefit of this concept is that the requirements for the EAA’s and total CP can 
be quickly derived after the requirement for Lys has been established (Tuitoek et al., 
1997). In addition, it helps to minimize N excretion by limiting excess dietary AA 
(Chung and Baker, 1992a; NRC, 1998; Boisen et al., 2000). This concept is most 
effective when expressed using digestible, rather than total, AA values, as they more 
accurately estimate the available AA in feedstuffs. The ideal protein profile described in 
the NRC (1998) provides the most recent proposal of a complete AA profile for swine. 
Further research regarding the more limiting AA in swine diets (i.e., Lys, Thr, Trp, Met) 
may help to enhance the precision of formulating diets on an ideal protein basis as the 
genetic potential for lean deposition in swine continues to advance.  
18 
 
2.3.5. Crystalline amino acids commercially used in swine diets 
  Amino acids in the diets can be supplied either in the form of intact protein 
sources such as corn and soybean meal or as crystalline AA. Lysine and Met were the 
first AA that became commercially available for inclusion in animal diets in the early 
1960’s (Lewis, 2001). Although available, these synthetics were not widely used as the 
high price did not make economic sense. In the early 1970’s in response to the rising 
prices of protein supplements (most notably SBM), the technology was developed to 
mass produce crystalline Lys and it became economically available for inclusion in swine 
diets. The same followed for synthetic Met, then by synthetic Trp and Thr in the 1980’s 
and Ile and Val in the late 1990’s (Kerr, 2006). At the current time there is a large 
selection of crystalline AA available for the inclusion in animal diets.  
 Depending on the chiral carbon atom in an AA’s molecular structure, AA can 
exist in two forms (as the D– or L– isomer). In nature, AA generally exist in the L– 
configuration, and consequently this is usually the form that is best utilized in a pigs’ 
gastrointestinal tract. Production of synthetic AA results in a 50/50 mixture of the D– and 
L– isomers, and this is very important to consider when either forms are available for 
supplementation (Lewis, 2001).  
 Since mammals cannot utilize D–Lys, the early crystalline Lys which occurred as 
DL–Lys, was claimed to contain 50% Lys that could be utilized (assuming D–Lys had a 
potency of 0% and L–Lys 100%, thus 50%). The technology advanced over the years and 
crystalline Lys is now currently available as L–Lys–HCl, containing a minimum of 98% 
Lysine. Regarding Trp, different species are capable of utilizing the D–isoform, but its 
utilization in greatly lower than that of the L–isoform of Trp. Therefore, crystalline Trp 
currently occurs as L–Trp and is at least 98% pure Trp. L–Thr, L–Ile, and L–Val are all 
available commercially at purities of 99%, 98.5%, and 98.5%, respectively and are 
utilized extremely well when fed to pigs.  
 Methionine supplements currently available include DL–Met (99% powder or 
40% liquid), an 88% aqueous solution of the Met hydroxyl analog (MHA; 2–hydroxy–4–
(methylthio) butanoic acid (HMTBA)), or the 84% Ca salt of the Met hydroxy analog 
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(CaMHA, which also provides 12% organic Ca) (Yi et al, 2006). There has been some 
controversy regarding the bioactivity of Met supplements; some reports have stated there 
are no differences between Met sources (Chung and Baker, 1992b; Knight et al., 1998; Yi 
et al., 2006), while others have reported that the activity of DL–Met is superior to that of 
the Met hydroxy analog (Zimmerman et al., 2005; Kim et al., 2006). Although all sources 
of L–Met are suitable for use in swine diets, additional research may clarify this aspect of 
swine nutrition (Kim et al., 2006). 
 Traditionally, intact proteins have been an economically–friendly method for 
supplying AA in swine diets. Recently with rising feed costs, the increasing popularity of 
feeding distiller’s grains (and other by–products) as a corn replacement and feeding 
overall low–protein diets, crystalline AA inclusion is becoming more aggressive as a way 
to provide some cost relief in swine diets and also to reduce the impact of N excretion on 
the environment.  
2.3.6. Amino acid catabolism 
 In animal nutrition, it is always important to be aware of the impact that animal 
production has on the environment. This is why it is critical for animal nutritionists to 
formulate diets that accurately meet the nutrient requirements of an animal in order to 
minimize the amount of excesses present in the excreta. Controlling the environmental 
impact of excess phosphorus excretion has been a popular area of research in the last 30 
years. In addition, fecal and urinary N excretions also pose a similar threat to the 
environment. Surplus dietary AA in excess of the animal’s requirement are ultimately 
deaminated into urea. In addition to the environmental concerns, it may be economically 
disadvantageous as excess dietary AA represents an expensive energy source (Wang and 
Fuller, 1989; Baker, 1997).  
2.4. Terminology used for amino acid bioavailability and digestibility 
Estimating the AA requirements for pigs requires careful and effective evaluation 
of the nutritional value of swine feedstuffs. Accurate assessment of the bioavailability of 
the dietary essential AA’s among different feedstuffs enables the nutritionist to 
effectively and efficiently meet the requirements of the pig. However, the expression of 
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requirements and the definition of these terms has not always been consistent. It has been 
argued that the manner in which swine AA requirements and AA bioavailability of swine 
feedstuffs are expressed should be consistent (AFZ, 2000; Stein et al., 2007a; Stein et al., 
2007b). The committee on terminology to report AA bioavailability and digestibility was 
assembled in 2005 at the request of the late Dr. Jong–Tseng (J.T.) Yen, who served as the 
U.S. representative on the Steering Committee for the International Symposia on 
Digestive Physiology (Cromwell, 2007). Dr. Yen wanted to bring clarity to the manner in 
which experimental results were presented to promote effective use of research results in 
animal production (Stein et al., 2007b). The following summarizes the main points and 
ideas brought forward by this committee.  
Amino acid bioavailability is defined as the proportion of the total ingested AA in 
a feedstuff that is digested and absorbed through the small intestine in a form suitable for 
metabolism or protein synthesis (Batterham, 1992; Gabert et al., 2001; Stein et al. 
2007b). There are no direct methods for determining the AA bioavailability and the 
values have been traditionally estimated using slope–ratio assays (Batterham, 1992). Due 
to the expensive and tedious nature of these assays, it has been recognized that measures 
of AA ileal digestibility can accurately estimate AA bioavailability (Stein et al., 2007a). 
Ileal digestibility is a more accurate method for estimating AA digestibility (compared to 
total tract digestibility) because AA are absorbed solely in the small intestine and any 
undigested AA passing on to the large intestine may be utilized by the colonic microflora, 
thus resulting in little or no AA in the fecal matter (AFZ, 2000; Stein et al., 2007b). 
Therefore, ileal digesta is collected from the terminal end of the distal ileum utilizing a 
variety of different collection techniques. These techniques include the slaughter method, 
simple T–cannulation, reentrant cannulation, ileo–rectal anastomosis, postvalvular T–
cecum cannulation, and steered ileo–cecal valve cannulation (Gabert et al., 2001).  
Simple T–cannulation and postvalvular T–cecum cannulation are currently the 
most accepted techniques for the collection of ileal digesta. Simple T–cannulation 
involves the surgical insertion of a stainless steel “T–shaped” cannula through a small 
incision in the distal ileum (about 12 cm anterior to the ileo–cecal junction). The barrel of 
the cannula can be exteriorized between the last two ribs of the pig in order to prevent 
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dislodging of the cannula (Gabert el al., 2001; Stein et al., 1998). This collection 
procedure commonly utilizes a 7–day experimental period, allowing 5 days for adaptation 
and two days for collection of ileal digesta (Gabert el al., 2001). Postvalvular T–cecum 
cannulation completely replaces the cecum of the pig with a large, silicon T–cannula 
(internal diameter: 25 mm) with an angl 
ed barrel to ease digesta collection (experimental procedures are similar to that of 
simple T–cannulation). Although the experiments have been very successful thus far, the 
impact on the intestinal physiology of the pig from complete removal of the cecum is not 
known and therefore further research on this technique may be needed (Gabert el al., 
2001). 
The ileal digestibility of AA can be expressed as either apparent ileal digestibility 
(AID), true ileal digestibility (TID), or standardized ileal digestibility (SID) depending on 
how the ileal endogenous AA losses (IAAend) are included in the calculation (Stein et al., 
2007a; Stein et al., 2007b). The digesta flowing from the distal ileum contains 
unabsorbed exogenous AA originating from the diet as well as endogenous protein that 
has been synthesized and sloughed into the lumen of the pigs (i.e., not of dietary origin). 
Recovered IAAend are primarily composed of sloughed epithelial cells and mucin, 
however gastric, bile, and pancreatic secretions, mucoproteins, microbial protein, and 
ingested hair have also been identified as contributors (Jansman et al., 2002; Mosenthin, 
2002; Stein et al., 2007). The IAAend can be separated into basal (also referred to as non–
specific or diet independent) and specific losses, and therefore the ileal digesta actually 
consists of three parts: undigested AA, basal IAAend, and specific IAAend (Figure 2.2) 
(Mosenthin, 2002; Stein et al., 2007a; Stein et al., 2007b). 
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Figure 2.2. Partitioning of AA in ileal digesta from pigs (from Stein et al., 2007b). 
Changes in content of dietary AA result from varying the inclusion level of a protein 
containing a feed ingredient that induces specific IAAend.  
Basal losses are the quantity of AA that are inevitably lost by the pig regardless of 
the diet being fed (Mosenthin, 2002; Stein et al., 2007a; Stein et al., 2007b). These losses 
are not affected by the dietary composition alone, but are considered to be strongly 
influenced by the total dry matter intake (DMI) of the pig and its physiological state. 
Therefore the basal losses (expressed as g/kg of DMI) decrease as the DMI increases 
(Stein et al., 2007a; Stein et al., 2007b). Therefore, using one of the collection techniques 
mentioned above, it is possible to collect and measure the basal endogenous losses. 
Generally the experimental diet is fed for several days for the animal to adapt to the diet. 
Then at the beginning of the experiment, the diet should be fed as usual and then digesta 
should be collected using a plastic bag. Once collected, the samples should be frozen 
immediately until they can be analyzed. Basal losses can be measured by several different 
methods including: A) feeding a N–free diet, B) Feeding diets utilizing highly digestible 
protein sources (casein or wheat gluten), C) the regression method, D) feeding 
enzymatically hydrolyzed casein (EHC)/ultrafiltration method, and E) feeding N–free 
diets with parenteral infusion of AA. Each of these methods is unique and has its own set 
of limitations. However at the current time, none of these techniques are considered to be 
the ideal solution for determining basal IAAend losses (Jansman et al., 2002). It has been 
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suggested that basal IAAend should be estimated by feeding a standard protein–free diet. 
In addition, it has been noted that regardless of strict controls regarding experimental 
conditions, ingredient composition, sampling techniques and analytical procedures, 
variation in IAAend may still occur due to laboratory–to–laboratory variations, as well as 
farm–to–farm variation among animals. With this in mind, it is critical to routinely 
measure IAAend when evaluating ileal AA digestibility (Stein et al., 2007b).  
Specific endogenous losses make up the remaining fraction of IAAend. These are 
the losses above the basal IAAend that are directly influenced by the ingredient 
composition (specifically, ingredient characteristics such as fiber types and concentration, 
and various other anti–nutritional factors) of the diet (Schulze et al, 1995; Stein et al, 
2007a; Stein et al., 2007b). Feeding highly digestible diets (casein, egg proteins, etc.) 
yield relatively low specific IAAend losses, however, if diets with higher levels of fibrous 
ingredients are fed, the specific losses could make up as much as 50% of the total IAAend 
losses. There are currently no available procedures for direct measurement of specific 
IAAend losses, but it is possible to calculate these values by subtracting the basal IAAend 
losses from the estimate for total IAAend losses (specific + basal). Total IAAend losses can 
be estimated by either the homoarginine technique or the isotope trace dilution technique. 
Unfortunately these procedures require a significant amount of funding, labor, and 
specialized equipment, and therefore total IAAend are not often measured when evaluating 
feed ingredients (Stein et al., 2007a; Stein et al., 2007b).  
 The AID values for a particular AA represent the net disappearance of the 
ingested dietary AA from the digestive tract prior to the distal ileum (Stein et al., 2007a). 
Values for AID are calculated according to equation 1 below:  
 AID, % = [(AA intake – ileal AA outflow)/AA intake] x 100           [1] 
 These values are referred to as “apparent” to emphasize the fact that the AA 
content of the ileal digesta contains both undigested AA and IAAend, and therefore the 
missing AA (% of intake) in the digesta were “apparently” digested and absorbed. Using 
AID values for feed formulation presents a major concern regarding the lack of additivity 
of the obtained values. This is because the dietary AA concentration directly affects AID 
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values and the IAAend contribution to the total AA concentration flowing from the distal 
ileum (Stein et al., 2005; Stein et al., 2007b). Therefore, AID values increase in a non–
linear manner as the dietary AA concentration increases (Figure 2.3.; Stein et al. 2007b). 
The lack of additivity for AID is largely due to the underestimation of AID in low protein 
feedstuffs because IAAend would make up a larger proportion of the AA outflow from the 
distal ileum (Stein et al., 2005). The additivity of digestible AA values for practical diet 
formulation using least–cost formulation programs is critical because these programs use 
individual digestibility coefficients for each individual feedstuff to satisfy the AA 
requirements of the pigs (Mosenthin, 2002). This lack of additivity can be accounted for 
by correcting the ileal AA outflow for the IAAend.  
 
Figure 2.3. The effect of dietary AA content on the measured values of apparent, 
standardized, and true ileal AA digestibility (From Stein et al., 2007b). 
 The TID values represent the net disappearance of AA from the digestive tract 
prior to the distal ileum, while also accounting for total IAAend. These values are in fact 
additive because only the undigested AA originating from the feedstuff or diet flowing 
from the distal ileum are related to dietary AA intake. Values for TID are calculated in 
the same manner as AID, with the only difference being that total IAAend are subtracted 
from the ileal AA outflow (equation 2) (Stein et al., 2007b).  
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 TID, % = {[AA intake – (ileal AA outflow – total IAAend)] /AA intake} x 100         [2] 
 TID values are rarely used for practical feed formulation because of the difficulty 
associated with the measurement of specific IAAend and thus the lack of a sufficient 
database of TID values. Also, different feedstuffs stimulate specific IAAend losses in 
different ways; therefore TID values may not accurately identify the AA available for 
maintenance and protein accretion (Stein et al., 2007a). With this in mind, it is not 
currently suitable to utilize TID values for practical feed formulation. Verbatim  
 The SID values are calculated similar to TID, subtracting basal IAAend instead of 
total IAAend from the ileal AA outflow (equation 3).  
 SID, % = {[AA intake – (ileal AA outflow – basal IAAend)] /AA intake} x 100         [3] 
 As the remaining alternative to AID and TID, SID values are currently the 
preferred method for expressing AA digestibility in pigs. Since only basal IAAend are 
subtracted from the ileal AA outflow, any feedstuff–specific characteristics are accounted 
for in the formulation and therefore SID values distinguish between feed ingredients that 
affect specific IAAend losses (Stein et al., 2007a). It is important to note that SID values 
are largely affected by the quantity of basal IAAend, which is directly affected by the pigs’ 
feed intake. Therefore, SID values and basal IAAend should be measured in the same 
environment, using pigs fed near their normal voluntary feed intake (Stein et al., 2007a). 
It is also important to specify basal IAAend values when reporting SID values. A common 
treatment structure for an experiment assessing SID AA digestibility may utilize an 8 x 8 
Latin square design (8 diets, 8 periods), where one of the eight diets is a N–free diet for 
estimation of basal IAAend (Stein et al., 2005). The primary advantage to using SID 
values over AID and TID is that the values are more likely to be additive, thus improving 
accuracy in practical feed formulation (Stein et al., 2005; Stein et al., 2007b).  
In conclusion, AID values should not be used in diet formulation because the 
reported values are not always additive in mixed diets. This also applies to TID values 
unless the specific endogenous losses have been measured and accounted for in the 
calculations (Stein et al., 2007a). Despite being mislabeled as TID, the recent edition of 
the NRC for Swine (1998) contains a detailed registry of SID values for most swine 
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feedstuffs which are additive in mixed diets and are a good source of values for use in 
formulation (Stein et al., 2007b). For these reasons, it has been suggested that 
standardized ileal AA digestibility values are the preferred values to report experimental 
results and for use in practical feed formulation in swine (AFZ, 2000; Stein et al., 2007a; 
Stein et al., 2007b).  
2.5. Tryptophan metabolism 
 Tryptophan plays key roles in several biological pathways which lead to a variety 
of end products (Figure 2.4). The primary role of Trp in pigs is in protein synthesis and it 
is one of the limiting essential AA in this process (along with Met and Thr after Lys). In 
addition to protein synthesis, a smaller proportion of the Trp supply serves as a precursor 
for serotonin, an important neurotransmitter/vasoconstrictor associated with the 
regulation of a variety of biological responses including appetite, sleep, mood, and stress 
response (Wolf, 1974; Sève et al., 1991; Henry et al., 1992; Sainio, 1996; Sève, 1999; 
Kerr et al., 2002; Le Floc’h and Sève, 2007). Tryptophan is also closely associated with 
the kynurenine pathway, which is responsible for a large portion of Trp catabolism as 
well as regulation of immune responses (Sainio et al., 1996). Estimates regarding the 
partitioning of Trp between the different metabolic pathways are lacking, but it has been 
suggested that aside from protein synthesis, the demand for Trp may be up to 10 times 
higher for the kynurenine pathway than for serotonin synthesis (> 1% ingested Trp) 
(Wolf, 1974; Kerr et al., 2002; Le Floc’h and Sève, 2007).  
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its precursors Trp or 5–HT must be transported across the BBB to increase cerebral 
serotonin levels. The depressive effect of Trp deficiency is further enhanced by the 
presence of excess large neutral AAs (LNAA: Val, Ile, Leu, Tyr, Phe, and Met) which 
compete with Trp for transport across the BBB, ultimately decreasing hypothalamic 
serotonin concentrations (Henry et al., 1992; Henry et al., 1996; Kerr et al., 2002; Le 
Floc’h and Sève, 2007). Therefore, the Trp:LNAA ratio (both dietary and plasma) is 
critical for Trp transport across the BBB, where an increased ratio should indicate greater 
transport of Trp (Henry et al, 1992; Sève, 1999; Kerr et al., 2002).  
 Diet composition directly affects plasma AA concentrations and thus Trp 
transport across the BBB. Consumption of carbohydrate–rich diets may cause an indirect 
increase in plasma Trp levels due to an accompanying release of insulin by the body. 
Insulin stimulates the uptake of LNAA by the peripheral tissues (therefore reducing 
plasma LNAA levels), which increases the plasma Trp:LNAA ratio, facilitating Trp 
transport across the BBB. Conversely, consumption of protein–rich diets increases 
plasma LNAA and decreases the Trp:LNAA ratio, which lowers Trp availability to the 
brain as a result of increased competition with LNAA (Lyons and Truswell, 1988; Kerr et 
al., 2002). The compounded effects of a high–CP, Trp–deficient diet may further 
decrease the plasma Trp:LNAA ratio and consequently feed intake (Henry et al., 1992). 
The EAA’s His, Met and Thr have also demonstrated negative effects on Trp uptake by 
the brain (Sainio et al., 1996; Sève, 1999; Kerr et al., 2002, Le Floc’h and Sève, 2007).   
 In general, deficient levels of dietary Trp decrease voluntary feed intake in pigs 
by decreasing the concentration of Trp in the blood, and therefore decreasing Trp uptake 
by the brain. Decreased cerebral Trp concentrations ultimately yield lower concentrations 
of serotonin in the hypothalamus, and the resulting side effect from this condition is 
anorexia (Eder et al., 2003). Feed intake can be restored to normal levels by 
administering a diet adequate in Trp.  
 In addition to its regulatory role in the body, serotonin also serves as the precursor 
for melatonin (N–acetyl–5–methoxytryptamine), a neurohormone produced in the pineal 
gland in the brain (Sainio et al., 1996; Kerr et al., 2002; Lepage et al., 2005). This 
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hormone is responsible for regulating the day and night sleep patterns in most mammals. 
The levels of melatonin in the body change throughout the day as its synthesis is 
regulated by light and dark cycles. During the day–light hours, melatonin production is 
somewhat suppressed, while production is significantly increased at night (sometimes a 
ten–fold increase) (Lepage et al., 2005). Melatonin is involved with the regulation of 
several physiological functions as it is highly recognized for its association with sleep 
patterns, and less for its antioxidant properties and association with hair follicle 
development (Kerr et al., 2002). It has also been reported that melatonin has positive 
effects on reducing aggressive behavior as well as stress levels in mammals (Kerr et al., 
2002; Lepage, 2005). 
 The catabolism of Trp takes place via the kynurenine pathway (Figure 2.4), which 
results in the production of several metabolites including nicotinic acid (niacin), picolinic 
acid, kynurenine, kynurenic acid (to oxaloacetate), xanthurenic acid, and acetyl CoA. 
Quantitatively, this is one of the most important pathways for Trp metabolism after 
protein synthesis because it is responsible for 90% of Trp catabolism (Sainio et al., 1996; 
Kerr et al., 2002). This process is initiated by two specific enzymes, Trp–2,3–
dioxygenase (TDO) in the liver and indolamine–2,3–dioxgenase (IDO) which exists in 
several tissues including the brain, lungs, stomach and intestines. Tryptophan–2,3–
dioxygenase is stimulated by glucocorticoids and tryptophan, while IDO is stimulated by 
interferon gamma (Sainio et al., 1996). The extent of how Trp is catabolized by these two 
enzymes varies among different species. For example, if a rat and a gerbil are both 
administered a dose of glucocorticoids, the rat should display a pronounced increase in 
Trp catabolism because it has high levels of TDO, while the gerbil should not show an 
increase in Trp catabolism because it mainly has IDO (Sainio et al., 1996). However, 
under the influence of physical or immune stressors, IDO may be the preferred method 
for Trp catabolism as interferon gamma is associated with these types of responses 
(Sainio et al., 1996; Le Floc’h and Sève, 2007). Melchior et al. (2005) demonstrated that 
this was indeed the case in pigs with inflammatory responses, as the pigs suffering from 
chronic lung inflammation displayed lower plasma Trp levels than the healthy pigs (as a 
results of IDO–activated Trp degradation). These two enzymes ultimately convert Trp 
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into kynurenine, which is eventually converted into niacin and CO2 through a series of 
vitamin B6 dependant reactions. Most of the catabolized Trp is converted into CO2, while 
a small proportion acts as the precursor for the metabolic coenzymes NAD and NADP 
(Sainio et al., 1996; Kerr et al., 2002; Le Floc’h and Sève, 2007).  
 Tryptophan has been associated with the alleviation of aggression and stress 
responses in several animal species including pigs (Sève et al., 1991; Adeola and Ball, 
1992; Koopmans et al., 2005; Guzik et al., 2006). This is important because even though 
pigs are generally very adaptable to their environments, events such as weaning, social 
status, and slaughter transport are incredibly demanding on the pig’s body and alleviation 
may be beneficial from a welfare as well as economic standpoint. A limited amount of 
research has examined this aspect of Trp metabolism, and unfortunately much of this is 
inconsistent with respect to the expected metabolite changes (Kerr et al., 2002). 
Koopmans et al. (2005, 2006) reported that pigs fed high levels of dietary Trp (7 g/kg Trp 
vs. 2 g/kg Trp) displayed lower plasma cortisol (2–fold) and noradrenaline (1–fold) 
concentrations when subjected to social stress. Adeola and Ball (1992) examined the 
effect of high Trp supplementation on stress sensitive pigs and showed that Trp reduced 
the severity and frequency of the pale soft exudative defect in the meat of the pigs. The 
effect of Trp supplementation on the alleviation of stress responses is still a controversial 
subject and more research may be required in this area.  
2.6. Tryptophan to Lysine requirements for swine 
2.6.1. Things to consider when evaluating the Tryptophan literature 
 It has been debated as to how the optimum Trp supply should be expressed; either 
as the amount of Trp intake per day (g/d), percent concentration of the diet, or as a ratio 
to another EAA. Lysine was second–limiting in most of the Trp studies, meaning that Lys 
was limiting for growth when an adequate level of Trp supplementation was achieved 
(thus creating a surplus of Trp). In his review, Susenbeth (2006) explained that it was 
impossible to derive information regarding the optimum Trp supply from these studies 
when expressed as daily Trp intake or as a percentage of the diet because both optima are 
directly affected by the dietary Lys concentration. Therefore, it was recommended that 
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the Trp requirement of pigs should be exclusively identified as a ratio to dietary Lys as 
indicated by the ideal protein concept (Susenbeth and Lucanus, 2005; Susenbeth, 2006). 
When estimating the Trp:Lys ratio requirement for growing pigs, it is very important to 
consider any differences that exist between the published studies. This may include (but 
is not limited to) diet composition, number of Trp levels examined, number of pigs used, 
gender of the pigs, recorded response criteria, and method of statistical analysis.  
 Ideally, the tested AA ratios should cover the ranges of deficiency, adequacy, and 
surplus (Susenbeth, 2006). In the literature, there are relatively few studies that utilize 
more than 3 to 4 levels of dietary Trp, which in some cases leads to a rather broad 
estimation of the optimum Trp:Lys ratio. Also, with only 3 to 4 treatments, it is often the 
case that the treatment spacing is too narrow, or too wide, with either yielding data that 
maybe quite difficult to interpret. Although desirable, it may be unrealistic to consider 
treatment structures in excess of 8 to 10 different diets, mainly because of the facility and 
management constraints. A balance can be achieved by utilizing 5 to 7 treatments which 
should provide an adequate range and spacing of treatments that will highlight the 
deficient, adequate, and surplus levels of intake. Utilizing this type of treatment structure 
allows the data to be fitted to a descriptive response curve (e.g. exponential, asymptotic, 
or broken–line), and thus facilitates objective assessment of the optimum intake level 
(Baker, 1986). This has been supported by the experiments presented from notable 
sources in the literature (Guzik et al, 2005a; Susenbeth and Lucanus, 2005; Kendall et al., 
2007).  
 The most important step in diet formulation for AA ratio studies is proper 
determination of the dietary Lys level. All experimental diets must be formulated to a 
common Lys level to ensure that the optimum AA pattern remains the same across the 
treatments (except for the AA under investigation). It is also important to avoid 
formulating to a Lys level in excess of the requirement given for the ideal AA pattern, as 
the surplus Lys will not be used for retention (Susenbeth and Lucanus, 2005). Boisen 
(2003) expressed dietary Lys as a percentage of CP for comparison to an ideal protein, 
where the requirement was 7.0 g Lys/100 g CP. In situations of excess Lys, relating the 
Trp intake level associated with the peak response to the actual Lys intake, the optimum 
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Trp:Lys ratio will in fact be underestimated because protein or other NEAA’s may have 
become limiting (Susenbeth, 2006). In the same sense, the dietary Lys level must not be 
so far below the pig’s requirement that adequate growth cannot be achieved. Ideally, 
dietary Lys should be set at a suboptimal level (90–95% of the requirement), which 
should ensure that the optimum Trp:Lys ratio will correspond to the maximum utilization 
of both Trp and Lys by the pig (Van Cauwenberghe and Relandeau, 2000). 
 The diet mixing and laboratory analysis also may play a role in the variation 
existing among the published literature. Laboratory analysis of AA in experimental diets 
and feedstuffs are inherently variable (Cromwell et al., 1999), and this is especially true 
for Trp (Sato et al., 1984). Although variation within an individual lab exists, in general 
the variation is much greater among different laboratories (Cromwell et al., 1999). A 
portion of the variation that exists among the published literature may be attributed to the 
variation among laboratories. The procedure used in the mixing of experimental diets 
may ultimately affect the resulting diet analysis. Individually mixing multiple diets (3 or 
more) can be an arduous and time consuming task, and a greater number of treatment 
diets increases the amount of ingredient handling involved with this method. Amino acid 
ratio studies which often utilize increasing levels of the AA under investigation may 
benefit from blending as opposed to individual mixing. For example, consider an 
experiment utilizing 5 Trp:Lys ratios ranging from 10% to 14% (Table 2.6); by mixing 
separate low– and high–ratio basal diets, these can be blended in predetermined 
proportions to create the intermediary treatment diets. Since only two basal diets were 
mixed (compared with 5 separate mixings when mixed individually in this example), the 
reduction in diet handling may avoid small weighing errors that are encountered in diet 
mixing. If an error does occur in one of the two basal diets, the effect is spread evenly 
across the diets and proportional treatment spacing is maintained. It is understood that in 
most situations that the highest level of care is taken to ensure proper diet mixing, but 
haphazard mistakes are an unfortunate reality sometimes in the workplace. This method 
simplifies the application of analyzed diet values to AA ratio calculations as minor 
differences between formulated and analyzed values may shift the resulting ratios 
together in one direction or the other. Also, the blending procedure allows for more 
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confident explanation of unexpected variation from the laboratory analysis (for example, 
an abnormally low/high nutrient value in an intermediate diet may be attributed to 
sampling/laboratory error more convincingly than to a weighing error, as all diets would 
then be affected).   
Table 2.6. Theoretical blending procedure for an AA ratio study 
Basal diets1
 Exp. 
Diets 
Low Trp:Lys 
(0.10) 
High Trp:Lys 
(0.14) 
Resulting Trp:Lys 
Ratio, % 
1 100% 0% 0.10 
2 75.0% 25.0% 0.11 
3 50.0% 50.0% 0.12 
4 25.0% 75.0% 0.13 
5 0% 100% 0.14 
1Represents the percent contribution of the low and high basal diet to each final 
experimental diet. 
 The response criteria selected to evaluate the experimental results of these types 
of experiments will also affect the determined optima to a certain degree. In most of the 
33 experiments reviewed by Susenbeth (2006), ADG and ADFI were recorded as primary 
response variables (with subsequent calculation of feed:gain), while only 4 experiments 
reported PUN values. In 25 of the 33 reviewed publications, ADG and ADFI resulted in 
near identical optima. When compared to ADG, feed:gain ratios, N retention, or PUN 
concentration results generally led to lower optima’s. Unfortunately, PUN results were 
only reported in a few experiments, but it has been reported by several that PUN 
concentrations are a valid indicator in AA requirement studies in pigs (Coma et al., 1995; 
Knowles et al., 1997; Guzik et al., 2002; Guzik et al., 2005a; Guzik et al., 2005b; 
Susenbeth, 2006). It is reasonable that certain experimental conditions may limit the 
practicality of blood collection (i.e., facilities utilizing an extremely large number of 
pigs), but when possible, it provides excellent information to that helps to understand the 
metabolic status of pigs. It is also valuable to note that feed intake should always be on an 
ad libitum basis in these dose response AA ratio studies (Susenbeth and Lucanus, 2005). 
This is especially the case for Trp, as dietary Trp has a strong effect on feed intake in 
pigs. While feed intake is a valuable response to measure, it is important to note that feed 
wastage is often difficult to monitor and can, in fact, overestimate feed intake. As this 
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may contribute to variation in the recorded response, this may be important to consider 
when selecting the primary response variables in an experiment.  
 The statistical methods used to interpret the data of AA ratio/requirement studies 
will greatly influence the conclusions drawn from the data. Differences in these methods 
used may have contributed to some of the variation that exists among the published 
optima’s in the Trp literature (Susenbeth and Lucanus, 2005). There are different 
philosophies as to how the data from AA ratio studies should be analyzed and reported. 
In general, four approaches are available to determine the requirement in AA 
ratio/requirement: (1) the requirement is seen as the treatment of the experimental group 
where no further response was observed; when using this approach, it is important to 
state that the optimum lies between the treatment where maximum response was 
observed and the nearest treatment below (Susenbeth and Lucanus, 2005), (2) linear 
broken–line regression analysis (also referred to as the linear–plateau model) defines the 
optimum as the breakpoint (intersection) of the two linear lines (Robbins et al., 2006), (3) 
quadratic broken–line regression analysis fits a quadratic curve to the curvilinear 
response and the requirement is identified as the upper asymptote of the quadratic 
broken–line (Robbins et al., 2006), (4) in models using exponential regression analysis, 
the optimum is generally determined as a percentage (90–95%) of the maximum  
quadratic response (Baker, 1986).  
 An issue that arises when discussing AA requirements is that there is no 
universally accepted dogma as to the definition of a requirement. If the requirement is 
defined as the maximum response of all of the animals in a defined population, by 
exponential regression, 100% of the upper asymptote should represent the best estimate 
of the requirement. Many will argue though that this approach of formulating diets to 
meet the requirements of all animals (including those requiring the greatest of the AA in 
question) is neither practical nor economical (Baker, 1986). The growth response curve 
for AA studies are generally curvilinear, exhibiting lesser slope between 0% and 30% of 
the maximum response, constant slope between 30 and 70%, and then decreasing slope 
(ultimately reaching a slope of zero) between 70% and 100% of the maximum response. 
In theory, as the slope decreases at around 70% of the asymptote, the requirement is met 
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for the pig in the population requiring the least amount of the AA in question. The 
requirement is met for more and more pigs as the slope continues to decrease with 
increasing AA intake, where at a slope of zero, the requirement for 100% of the pigs will 
have been satisfied (Baker, 1986).  Based on this theory, the arbitrary selection of 90% or 
95% of the maximum response or upper asymptote of the response curve used in previous 
studies is probably aimed at meeting the requirement of most of the animals in a 
population.  
 Broken–line regression analysis is preferred by some because it objectively 
selects the break point of the two lines as the requirement (Baker, 1986; Robbins et al, 
2006). In comparison, this avoids the bias of arbitrarily selecting a certain percentage of 
the asymptote as the requirement. In theory, linear broken–line analysis should describe 
the requirement of the average pig in that particular population (Baker, 1986). This 
approach is sufficient for many data sets, when it accounts for a substantial proportion of 
the total variation, yielding an overall satisfactory visual fit (Robbins et al., 2006). 
Robbins et al. (2006) also describes an alternate model of broken–line regression that 
includes a quadratic component, which may be more appropriate for some data sets. 
Using this approach, the requirement is defined as the asymptote of the fitted quadratic 
broken–line. Requirement estimates using this approach, based on the nature of the 
requirement selection, may be more comparable to results determined using exponential 
regression. Overall, linear broken–line regression analysis will generally predict lower 
requirement values than those determined by quadratic broken–line regression or by 
exponential regression (Baker, 1986).  
 There is no clear–cut answer as to which approach is the best for estimating the 
requirement in AA ratio studies, as the chosen approach relies solely on the philosophy of 
the investigator(s) involved. In reviewing the literature, some the variation among the 
published optima can be attributed to the differences in the approach used to determine a 
requirement. In some cases, the authors of AA requirement papers report that their 
estimate is considerably different from that of previous findings, whereas when compared 
using the same statistical approach to determine the requirement, the estimates may in 
fact be remarkably similar. Consistency is the key issue here, and if the nutrition 
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community as a whole were able to come to an agreement on which method should be 
used to estimate the requirements in AA studies, the literature on AA requirements might 
be easier to interpret (Baker, 1986; Susenbeth, 2006).  
2.6.2. Tryptophan:Lysine ratio requirements in pigs 
 The Trp requirements of pigs have been researched dating back to the late 1940’s, 
when Beeson et al. (1949) demonstrated the effects of a Trp deficiency in young pigs. 
The “ideal protein” concept first addressed by the ARC (1981), brought to light the idea 
of AA ratio experiments. The ARC’s ideal protein was later revisited and improved upon 
by Wang and Fuller (1989), Chung and Baker (1992a), and Boisen (2003). The NRC 
(1998) is currently considered the reference standard for swine nutrient requirement 
tables. Based on the reported AA requirements in the NRC (1998), the calculated 
optimum Trp:Lys ratio is 18%.  Recently, Susenbeth (2006) published a comprehensive 
review of the Trp literature and reported that the optimum Trp:Lys ratio for pigs should 
be 17%.  
 A total of 18 publications with 27 experiments were examined in an abbreviated 
review of the Trp literature from the last 25 years. Most of the Trp research conducted to 
date has been in the area of nursery pig nutrition, and fewer studies have utilized growing 
or finishing pigs. Of the 18 publications reviewed, 9 examined Trp requirements while 
the remaining 9 examined the Trp:Lys ratio requirements. It is very important to identify 
the differences that exist between these types of experiments as it will affect comparison 
and interpretation of the literature. In an AA ratio requirement study, the AA under 
investigation should be first–limiting while the remaining EAA must exist in 
concentrations at or above the requirement. This ensures that no other co–limitations 
exist. In a AA ratio experiment, the AA under investigation should also be first–limiting, 
but it is very important that the dietary Lys level be set to a suboptimal level (90–95% of 
the requirement) to ensure that the determined optimum ratio corresponds to maximum 
utilization of both Lys and the EAA being investigated (Van Cauwenberghe and 
Relandeau, 2000). The remaining dietary EAA should be included according to the 
pattern described by the ideal protein concept.  
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 Determining the optimum Trp:Lys ratio was not possible from the studies that 
expressed the Trp requirement as daily amount or as a concentration of the diet because 
these optima are largely dependent on the dietary Lys concentration, and calculation of 
these ratios would be of little value. In addition, Susenbeth (2006) clearly stated that 
feeding Lys above the pigs’ requirement may in fact lead to an underestimation of the 
optimum requirement. Comparison between studies utilizing these different approaches is 
difficult based on the reasons above, the reviewed literature has been separated by Trp 
requirement studies (Table 2.7) and Trp:Lys ratio requirement studies (Table 2.8). 
Although only the literature regarding Trp:Lys ratio requirements will be used in 
comparison in later chapters of this thesis, it is important to recognize previous Trp  
research in swine nutrition.  
Table 2.7. Review of the Trp requirements for pigs of various body weightsa 
Reference Publication year 
BW 
range, kg 
Dietary 
Lys, % Trp, % Diet type
b Statistical method  
Guzik et al. 2002 5–7 (1.35) (0.21) Corn–peas Broken–Line 
Guzik et al. 2002 6–10 (1.19) (0.20) Corn–peas Broken–Line 
Burgoon et al. 1992 6–16 1.39 0.15 Corn–barley–peas Broken–Line 
Guzik et al. 2002 10–16 (1.01) (0.18) Corn–peas Broken–Line 
Han et al. 1993 11–22 NRg (0.14)c Purified Broken–Line 
Schutte and 
Van Weerden 
1988 11–37 1.15 ≥0.23d Corn–CGM Linear 
Henry et al. 1986 15–40 0.89 0.158 CS–HM Broken–Line 
Russell et al. 1983 18–35 0.84 0.170 Corn–SBM Broken–Line 
Schutte et al. 1995 20–40 1.09 (0.177)c Barley–tapioca–corn Curvilineare 
Burgoon et al. 1992 22–50 0.92 0.10 Corn–barley–peas Broken–Line 
Eder et al. 2003 25–50 (0.87) 0.200 Corn–barley–peas Curvilinearf 
Guzik et al. 2005a 30 (0.87) (0.18) Corn–peas–SBM Broken–Line 
Guzik et al. 2005a 50 (0.70) (0.14) Corn–SBM–peas Broken–Line 
Eder et al. 2003 50–80 (0.80) >0.171d Corn–barley–peas Curvilinearf 
Burgoon et al. 1992 55–97 0.73 0.06 Corn–barley–peas Broken–Line 
Guzik et al. 2005a 70 (0.61) (0.11) Corn Broken–Line 
Eder et al. 2003 80–115 (0.56) 0.121 Corn–barley–peas Curvilinearf 
a Values in parenthesis are on a standardized (or true) ileal digestible (SID) basis; otherwise the values are on a 
total AA basis. 
b Ingredients are listed in order of greatest concentration. CGM = corn gluten meal; CS = corn starch; HM = 
herring meal; SBM = soybean meal. 
c Apparent ileal digestible (AID) basis. 
d Tryptophan requirement could not be defined because the maximum response was outside the levels tested (a 
plateau was not reached in the response). 
e The requirement was determined to be the asymptote of the curve. 
f The requirement was determined to be 95% of the maximum response (asymptote).  
g NR = not reported. 
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Table 2.8. Review of the Trp:Lys ratio requirements for pigs of various body weightsa 
Reference Publication year 
BW 
range, kg Trp:Lys, % Diet Type
b Statistical method 
Pluske and Mullan 2000 6–17 (> 0.203)e Wheat–corn Linear 
Guzik et al. 2005b 7–16 (>0.195)e Peas–barley–corn Linear 
Jansman and Van Diepen 2005 9–24 (0.231) Corn–SBM Curvilinearg 
Jansman & Van Diepen 2005 9–24 (0.214) Wheat–barley Curvilinearg 
Lynch et al. 2000 10–30 (> 0.23)e Corn–wheat Linear 
Castaining et al. 2002 10–30 0.203de Corn–SBM Linear 
Jansman et al. 2000 11–29 (> 0.209)de Wheat–SBM–corn Linear 
Susenbeth and Lucanus 2005 15–25 (< 0.175)e Wheat–barley None 
Lorschy & Patience 1999 45–75 (0.19)c Corn–CGM Broken–Line 
Kendall et al. 2007 90–125 (0.145 – 0.170)f Corn–SBM Broken–line 
/Curvilinearf 
a Ratios in parenthesis are on a standardized (or true) ileal digestible (SID) basis; otherwise the values are on a total AA 
basis. 
b Ingredients are listed in order of greatest concentration. SBM = soybean meal; CGM = corn gluten meal 
c Apparent ileal digestible (AID) basis. 
d Lys level was above that described by ideal protein concept (7.0 g Lys/100 g CP), therefore the optimum Trp:Lys may 
be underestimated. 
e Optimum Trp:Lys could not be defined because maximum response was outside the ratios tested (a plateau was not 
reached in the response). 
f Kendall et al. (2007) recommended a range for dietary Trp:Lys ratios using broken–line analysis, where the 
breakpoint signified the lower range value, while the asymptote of the quadratic curve represented the upper range 
value. 
g The requirement was determined to be the asymptote of the curve. 
 The Trp requirements in pigs have been researched quite extensively; however it 
appears that considerable variation exists among the published values (Table 2.7 and 2.8). 
Although the ideal protein concept was heavily emphasized by the classic work of Wang 
and Fuller (1989) and by Chung and Baker (1992a), it was not until 1999 where it 
appeared that this concept was clearly accepted for use in Trp research.   
2.6.3. Tryptophan:Lysine ratio requirements in U.S.–type diets 
 The majority of the research conducted regarding Trp to date has utilized corn–
soybean meal diets (or some variation with corn as the primary ingredient). This of 
course does not include experiments regarding the ideal protein concept, which have 
generally utilized purified or semi–purified diets (ARC, 1981; Wang and Fuller, 1989; 
Fuller et al., 1989; Chung and Baker, 1992a; Boisen, 2000). Tryptophan is of major 
concern when feeding American–style, corn–soybean meal based diets as corn is 
notoriously low in in this AA. Tryptophan is generally considered second or third 
limiting (along with Thr) in growing and early–finishing pig diets, while in late–finishing 
diets it is second limiting (NRC, 1998; Lewis, 2001; Cromwell, 2004). Corn–based diets 
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can be corrected for the Trp by the addition of high–quality protein sources in the diet 
such as soybean meal or by the addition of synthetic L–Trp.  
 Recently, as the price of corn has skyrocketed as a result of its high demand for 
fuel ethanol production, there has been great interest in the inclusion of non–traditional 
feedstuffs in swine diets as a means to reduce the input cost of feed. Distiller’s dried 
grains with solubles (DDGS), the primary by–product of corn ethanol production, has 
stolen the spotlight in swine and poultry nutrition as producers have resorted to including 
this in their diet formulations to reduce costs. Stein (2007) reports that as dietary 
inclusion of DDGS increases, Trp becomes increasingly limiting, as the low–Trp 
concentration of corn is magnified in this refined corn byproduct (along with other 
nutrients). Therefore, it is recommended that at above 20% DDGS inclusion, 0.015% L–
Trp should be added for every additional 10% of DDGS included (Stein, 2007). 
Currently, there has not been any published research regarding Trp:Lys ratios in diets 
containing DDGS. 
  In Table 2.8, 3 of the 10 Trp:Lys ratio requirement experiments cited utilized 
American–style, corn–soybean meal diets, while an additional two utilized primary corn–
based diets. The range of optimum Trp:Lys ratios here is rather wide (14.5–23.1%), all 
but one of the published optima for this diet style (Kendall et al., 2007) were above the 
calculated Trp:Lys ratio of 18% from the NRC (1998). Two studies reported optima that 
may not be reliable, as their maximum response in each of these studies was outside of 
the ratios tested, and therefore a plateau was not reached in the response (Lynch et al., 
2000; Castaining et al., 2002). Of the remaining studies, Lorschy and Patience (1999) and 
Jansman and Van Diepen (2005) reported optimum Trp:Lys ratios  of 19% (AID 
Trp:Lys) and 23.1% (SID Trp:Lys), respectively, both above that of the calculated 
Trp:Lys of 18% from the NRC (1998) and above Susenbeth (2006) who reported an 
optimum Trp:Lys of 17%. Most recently, Kendall et al. (2007) reported that the optimum 
SID Trp:Lys ratio was not less than 14.5%, but not greater than 17.0%. This was the only 
publication reviewed that reported an optimum range of Trp:Lys ratios, rather than a 
single ratio. The range was determined using the optima determined from linear (the 
breakpoint was the lower limit) and quadratic (the asymptote of the quadratic curve was 
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the upper limit) broken–line analysis of the data set. Regardless, their optimum range of 
14.5–17.0% SID Trp:Lys lies slightly below the calculated Trp:Lys of 18% from the 
NRC (1998) and in strong agreement with a Trp:Lys of 17% reported by Susenbeth 
(2006).  
2.6.4. Tryptophan:Lysine ratio requirements in non–U.S.–type diets 
 Several experiments have examined the Trp:Lys ratio requirements of pigs fed 
diets based on a cereal other than corn (specifically barley, wheat, and peas). Recent 
nursery trials (10 to 20 kg BW) utilizing these Canadian/European–style feedstuffs have 
suggested that Trp:Lys ratios above the calculated Trp:Lys of 18% from the NRC (1998) 
may be required for optimal growth. Specifically, Jansman et al. (2000), Pluske and 
Mullan (2000), Guzik et al. (2005b), and Jansman and Van Diepen (2005) have reported 
that ratios in excess of 20% may be required. Jansman et al. (2000), reported that nursery 
pigs (9 to 25 kg) fed a primarily wheat–based diet (55%), had the highest ADG at an SID 
Trp:Lys ratio of 22%. They added that the improved growth performance obtained from 
added Trp (above 18% Trp:Lys calculated from the NRC (1998)) may have been 
attributed to an increase in feed intake. Guzik et al. (2005b) also reported similar results, 
citing that optimum performance was achieved at the highest SID Trp:Lys ratio of 19.5%. 
A major limitation in these two experiments was that they both examined only 3 Trp:Lys 
ratios. Although, it is understood that other variables were being examined besides Trp  
in these experiments (Jansman et al. (2005): CP levels and Trp:Lys ratios; Guzik et al. 
(2005b): Trp:Lys ratio and Thr:Lys ratios), it is very difficult to objectively quantify an 
optimum Trp:Lys ratio with only three experimental diets. 
 Most recently, Jansman and Van Diepen (2005) examined the effects of diet 
composition on the Trp:Lys ratio requirements of 9 to 24 kg nursery pigs; directly 
addressing the controversy regarding American–style (corn–soybean meal) versus 
Canadian/European–style (wheat–barley) diets. In the experiment, four SID Trp:Lys ratio 
(14.7, 17.6, 20.5, and 23.4%) were used in both corn–soybean meal and wheat–barley 
based diets (8 diets total). They reported that the highest ADG and ADFI was produced at 
a SID Trp:Lys ratio of 23.4% in both diet types (P < 0.001). In addition, it was noted that 
the mean ADG among treatments was significantly higher (P < 0.05) for the pigs fed 
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wheat–barley based diets compared to corn–soybean meal (551 vs. 532 g/d), speculating 
that the SID Trp:Lys ratio requirement for nursery pigs may be higher for piglets fed 
corn–soybean meal based diets. 
 Overall, there is an underlying theme indicating that considerable variation exists 
among the published Trp:Lys literature, regardless of the stage of growth or primary 
feedstuffs used in diet formulations. Therefore, additional research, as well as 
standardization of experimental designs would benefit this area of swine nutrition. 
2.7. Conclusion 
 Determining the optimum AA pattern for pigs is critical for supporting optimal 
growth performance. Many scientists have reported that it is currently biologically and 
economically beneficial to formulate swine diets on a standardized ileal digestible AA 
basis. Considerable variation exists among the published optimum Trp:Lys ratios for 
pigs. Although biologically the pig’s requirement should remain the same regardless of 
the feedstuff being fed (excluding differences in digestibility) in theory, several 
publications have indicated that the optimum Trp:Lys ratio for nursery pigs may be above 
the recommendations of the NRC (1998). In addition, there has been controversy 
regarding the adequacy of other EAA’s in Trp:Lys ratio diets that are formulated to a 
suboptimal Lys level according to the ideal protein concept. It has been suggested that 
inclusion the other EAA not under investigation at the required levels may in fact yield 
greater performance and more precise estimation of the Trp:Lys ratio requirement 
(personal communication).  
 As there may be many contributing factors to this variation, it is very clear that 
the nutrition community would benefit from consistent guidelines or standardization of 
experimental procedures for AA ratio experiments in pigs. This would ease comparison 
among future studies as variation due to statistical approach, experimental design, etc. 
may be avoided. Further experimentation of the Trp:Lys ratios in pigs in the areas of 
concern stated above using near identical procedures would enhance the precision of 
these experiments. 
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 Therefore, the objective of the current research was to evaluate the optimum SID 
Trp:Lys ratio for growing pigs fed U.S.–type diets,  non–U.S.–type diets, and U.S.–type 
diets formulated to contain higher levels of the other EAA. 
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CHAPTER 3. Determining the optimum dietary tryptophan to lysine ratio in 
growing pigs fed U.S.–type diets 
Abstract 
 Three experiments were conducted to determine the optimum standardized ileal 
digestible tryptophan to lysine (SID Trp:Lys) ratio in growing pigs (20 to 50 kg body 
weight (BW)) fed diets containing U.S.–type ingredients (e.g., corn, soybean meal).  In 
Exp. 1, the objective was to identify the lysine (Lys) requirement of the University of 
Kentucky (UK) pigs that were to be used on subsequent ratio experiments. The 21–d 
experiment utilized 48 crossbred pigs (initial BW: 24.84 ± 1.4 kg) that were allotted to 6 
total Lys levels (0.80, 0.88, 0.93, 0.98, 1.04, and 1.11%). The pigs were allotted on the 
basis of sex and initial BW in a randomized complete block design to individual pens. 
Average daily gain increased linearly (P = 0.005) as total Lys levels increased, showing 
no further increase beyond 0.93%. Linear broken–line analysis revealed an optimum Lys 
of 0.902% (P = 0.013). In Exp. 2, increasing SID Trp:Lys ratios (13.59, 15.28, 16.97, 
18.67, and 20.37%) in diets formulated to contain 0.815% total Lys and 0.719% SID Lys 
were fed to crossbred pigs (n = 120; initial BW: 25.80 ± 1.99 kg) for 21–d. Pigs in Exp. 2 
were allotted on the basis of sex and initial BW to 24 pens in a randomized incomplete 
block design with 5 pigs/pen. The results from Exp. 2 indicated that SID Trp:Lys ratio no 
effect of ADG, ADFI, and feed:gain. Plasma urea nitrogen (PUN) concentrations 
increased linearly (P < 0.001) and quadratically (P = 0.091) as SID Trp:Lys ratios 
increased. Exp. 3 utilized 120 crossbred pigs (initial BW: 25.7 ± 2.46 kg) and was 
conducted using similar procedures as Exp. 2. The Lys level was lowered to 0.66% 
(SID), and slightly lower SID Trp:Lys ratios were used (11.97, 13.50, 15.04, 16.57, and 
18.11%). As SID Trp:Lys ratios increased, ADG increased linearly (P < 0.001) and 
quadratically (P = 0.009). Linear broken–line analysis resulted in an optimum SID 
Trp:Lys ratio of 15.32% (P < 0.001) for ADG. The PUN values decreased linearly (P = 
0.069) and quadratically (P = 0.015) as SID Trp:Lys ratios increased. The optimum SID 
Trp:Lys ratio based PUN was estimated to be 15.25% (P < 0.001). Based on the average 
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of the ADG and PUN responses in Exp. 3, the optimum SID Trp:Lys ratio is estimated to 
be 15.29%, which equates to 16.66% on a total AA basis. 
3.1. Introduction 
 Tryptophan (Trp) can easily become limiting in cereal based diets in livestock 
production. From the Trp and lysine (Lys) requirements reported in the NRC (1998), the 
calculated optimum Trp:Lys ratio is 18%, which agrees with the estimates from  ideal 
AA pattern studies (Wang and Fuller, 1989; Chung and Baker, 1992a). Recently, 
Susenbeth (2006) published an extensive review of the literature, concluding that the 
optimum total Trp:Lys ratio should be 17%. A better understanding of the optimum 
Trp:Lys ratio becomes increasingly important as synthetic AA inclusion in commercial 
diets becomes more aggressive. Also with the increasing popularity of DDGS inclusion 
in swine diets, Stein (2007) reported that Trp became limiting after 20% DDGS 
inclusion, therefore, requiring crystalline Trp supplementation to avoid deficiency. 
 A set of experiments were conducted to determine the optimum standardized ileal 
digestible Trp:Lys ratio (SID Trp:Lys) in growing pigs within the body weight (BW) 
range of 20 to 50 kg fed typical American–style, corn–soybean meal diets. The optimum 
ratio was determined based on the response measures of growth performance and plasma 
urea nitrogen (PUN) concentrations.  
3.2. Materials and methods 
 These experiments were conducted under protocols approved by UK’s 
Institutional Animal Care and Use Committee. Pigs were brought into the growing–
finishing facility at approximately 18 to 20 kg BW, and immediately placed on a 
common corn–soybean meal grower diet, adequate in all nutrients for a minimum period 
of one week prior to allotment for all experiments.  
3.2.1. Experiment 1 – Animals and treatments 
 This experiment (experiment ID: UK 0602) was carried out in April 2006 and 
utilized a total of 48 crossbred pigs [24 barrows, 24 gilts; (Yorkshire x Duroc) x Chester 
White; (Yorkshire x Landrace x Duroc) x Chester White] with an initial BW of 24.84 ± 
1.40 kg were allotted to 6 dietary treatments on the basis of sex and initial BW in a 
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randomized complete block design. This experimental design allowed 4 replicates of each 
sex across the treatment structure. The pigs were housed in individual finishing pens 
(2.41 m x 0.58 m), each was equipped with a nipple waterer and a single sided, one–hole 
stainless steel feeder. The pigs were provided with ad libitum access to feed and water 
during the entire experimental period. Dietary treatments consisted of 6 total Lys levels 
(0.80, 0.88, 0.93, 0.98, 1.04, and 1.11%) and were fed for 21 d.  
3.2.2. Experiment 2 – Animals and treatments 
  Experiment 2 (experiment ID: UK 0606) was carried out in July 2006 and 
utilized 120 crossbred pigs [Yorkshire x Duroc; (Yorkshire x Duroc) x Chester White; 
(Yorkshire x Landrace) x Duroc; (Yorkshire x Landrace x Duroc) x Chester White)]with 
an initial BW of 25.84 ± 1.99 kg that were allotted to 5 SID Trp:Lys ratio treatments. The 
pigs were housed in 24 pens (2.73 m x 4.55 m), with concrete slats extending the length 
of each pen. Each pen was equipped with a single sided, two–hole, stainless steel feeder 
and 2 nipple waterers. The pigs were allotted based on sex and initial BW in a 
randomized incomplete block design to 5 SID Trp:Lys ratio diets with 5 replicates of 5 
pigs/pen. Complete replication of all 5 treatments was not possible due to a limitation of 
the number of available pens in the growing–finishing room (24 pens), therefore, one pen 
from the highest Trp:Lys ratio was omitted. Two replicates contained 3 barrows and 2 
gilts/pen, and another two replicates contained the inverse. The replicate omitting diet 5 
contained 3 pens of 2 barrows and 3 gilts/pen and 1 pen with 3 barrows and 2 gilts. In all, 
59 barrows and 61 gilts were used in this experiment. Dietary treatments consisted of 5 
increasing SID Trp:Lys ratios (13.59%, 15.28%, 16.97%, 18.67%, and 20.37%) fed for 
21 d. 
3.2.3. Experiment 3 – Animals and treatments 
Exp. 3 (experiment ID: UK 0609) was carried out in October 2006 and utilized 
120 crossbred pigs [Yorkshire x Duroc; (Yorkshire x Duroc) x Chester White; (Yorkshire 
x Landrace) x Duroc; (Yorkshire x Landrace x Duroc) x Chester White] with an initial 
BW of 25.70 ± 2.46 kg that were allotted to 5 SID Trp:Lys ratio treatments. The same 
methods and procedures used in Exp. 2 were also used for Exp. 3 with minor exceptions. 
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Replicates 1, 2, and 3 contained 3 barrows and 2 gilts, while replicate 4 and 5 contained 2 
barrows and 3 gilts (replicate 5 omitted 1 complete pen). In all, 63 barrows and 57 gilts 
were used in this experiment. Dietary treatments consisted of 5 increasing SID Trp:Lys 
ratios (11.97%, 13.50%, 15.04%, 16.57% and 18.11%). 
3.2.4. Experimental diets 
All raw materials were analyzed for total AA content by Evonik–Degussa prior to 
each experiment. The total AA analyses and the standardized digestible amino AA 
coefficients for all raw materials were used in final diet formulation (according to 
Evonik–Degussa’s standardized digestibility coefficients). Amino acids not being 
examined were formulated to slightly exceed the ideal AA pattern of Chung and Baker 
(1992a) using the included dietary Lys level. Vitamins and minerals were added to all 
diets to meet or exceed NRC (1998) requirement estimates. Antioxidants (Santoquin® – 
Ethoxyquin; Novus Intl. Inc., St. Louis, MO) and a broad–spectrum antibiotic (Tylan–
40® – Tylosin phosphate; Elanco, Inc., Greenfield, IN) were added to the diet at 0.02% 
and 0.05% respectively, to avoid any health–related issues. All experiments utilized the 
same diet mixing procedure in which two basal diets were initially mixed and then 
blended in appropriate proportions to create the dietary treatments. A detailed explanation 
of this procedure can be found in Appendix 1. 
In Exp. 1, the diets consisted of corn and soybean meal and were formulated to 
contain 15.85% CP and 3,309 kcal/kg ME (Table 3.1). Separate low and high–Lys basal 
diets (0.80 and 1.11% total Lys, respectively) were mixed; the high–Lys basal diet was 
identical to the low–Lys basal diet and was created by the addition of Lys–HCl at the 
expense of corn–starch. The blending procedure for Exp. 1 is detailed in Table A.1.1. in 
Appendix 1. Dietary treatments consisted of 6 total Lys levels (0.80, 0.88, 0.93, 0.98, 
1.04, and 1.11%) that were created by blending appropriate proportions of low– and 
high–Lys basal diets producing the desired levels. 
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Table 3.1. Composition of the basal diets for Exp. 1 (%, as–fed basis) 
Ingredient Diet: Low Lys High Lys 
Corn, ground 76.625 76.625 
Soybean meal, 48% CP 20.00 20.00 
Corn starch1 0.54 0.15 
Salt 0.40 0.40 
Dicalcium phosphate 0.90 0.90 
Limestone 0.85 0.85 
Trace–mineral premix2 0.075 0.075 
Vitamin premix3 0.10 0.10 
Tylan–404 0.05 0.05 
Santoquin5 0.02 0.02 
L–lysine HCl  0.00 0.39 
L–threonine 0.16 0.16 
L–isoleucine 0.03 0.03 
L–tryptophan 0.05 0.05 
DL–methionine 0.20 0.20 
Total: 100.00 100.0 
Calculated nutrient profile 
ME, kcal/kg 3,309 3,296 
CP, % 15.86 15.86 
Total Lys, % 0.80 1.11 
Ca, % 0.61 0.61 
P, % 0.52 0.52 
1 Lysine–HCl was added at the expense of corn starch to the high–Lys diet. 
2 Provided the following per kilogram of diet: Zn, 131 mg as ZnO; Fe, 131 mg as FeSO4·H2O; Mn, 45 mg as MnO; 
Cu, 13 mg as CuSO4·H2O; I, 1.5 mg as CaI2O6; Co, 0.23 mg as CoCO3; Se, 0.28 mg as NaSeO3. 
3 Provided the following per kilogram of complete diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; vitamin E, 44 IU; 
vitamin K (as menadione sodium bisulfite complex), 6.4 mg; thiamin, 4.0 mg; riboflavin, 8.8 mg; pyridoxine, 4.4 
mg; vitamin B12, 33 µg; folic acid, 1.3 mg; niacin, 44 mg; pantothenic acid, 22 mg; D–biotin, 0.22 mg. 
4 Provided 88 g tylosin per kilogram of diet.
5 Provided 130 mg ethoxyquin per kilogram of diet. 
The objective of Exp. 2 was to evaluate U.S.–type, corn–soybean meal 
ingredients in the experimental diets. In order to keep the Trp levels as low as possible in 
the basal diet, soybean meal (SBM) inclusion was limited to 10% and Canadian field 
peas were included at 5%. The target Lys level was set at 90% of the estimated 
requirement determined in Exp. 1 (i.e., 0.905% x 90% = 0.815% total Lys) which equated 
to an SID Lys level of 0.719% based on the ingredients that were used. Dietary 
treatments consisted of 5 increasing SID Trp:Lys ratios (13.59, 15.28, 16.97, 18.67, and 
20.37%; Table 3.2). Synthetic Trp (L–tryptophan, Evonik–Degussa, Hanau, Germany) 
was added at the expense of corn starch to create the high Trp:Lys ratio basal diet. The 
low and high–Trp:Lys ratio basal diets were calculated to contain 12.76% and 12.81% 
CP, respectively, and 3,324 and 3,322 kcal/kg ME, respectively. The blending procedure 
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for Exp. 2 is detailed in Table A.1.2. in Appendix 1. The complete diet analysis for Exp. 
2 is displayed in Table. A.2.2. in Appendix 2.  
Table 3.2. Composition of the basal diets for Exp. 2 (%, as–fed basis) 
Ingredient Diet: Low Trp:Lys High Trp:Lys  
Corn, ground 79.695 79.695 
Canadian field peas, ground 5.00 5.00 
Soybean meal, 48% CP 10.00 10.00 
Corn starch1 0.50 0.46 
Choice white grease 1.00 1.00 
Sand 0.50 0.50 
Salt 0.50 0.50 
Dicalcium phosphate 1.20 1.20 
Limestone 0.80 0.80 
Trace–mineral premix2 0.075 0.075 
Vitamin premix3 0.10 0.10 
Tylan–404 0.05 0.05 
Santoquin5 0.02 0.02 
L–lysine 0.30 0.30 
L–threonine 0.11 0.11 
L–isoleucine 0.04 0.04 
L–tryptophan 0.00 0.04 
DL–methionine 0.11 0.11 
Total: 100.00 100.00 
Calculated nutrient profile6 
ME, kcal/kg 3,324 3,322 
CP, %7 12.76 (13.08) 12.81 (13.06) 
Total Lys, %8 0.8152 (0.81) 0.8152 (0.82) 
Total Trp, %8 0.1248 (0.12) 0.1674 (0.17) 
Total Trp:Lys, % 0.1531 (0.1472) 0.2053 (0.2086)
SID Lys, % 0.7192 0.7192 
SID Trp, % 0.1016 0.1442 
SID Trp:Lys, %9 0.1413 (0.1359) 0.2005 (0.2037)
Ca, % 0.614 0.614 
P, % 0.534 0.534 
1 L–tryptophan was added at the expense of corn starch to the high SID Trp:Lys ratio diet. 
2 Provided the following per kilogram of diet: Zn, 131 mg as ZnO; Fe, 131 mg as FeSO4·H2O; Mn, 45 mg as MnO; 
Cu, 13 mg as CuSO4·H2O; I, 1.5 mg as CaI2O6; Co, 0.23 mg as CoCO3; Se, 0.28 mg as NaSeO3. 
3 Provided the following per kilogram of complete diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; vitamin E, 44 IU; 
vitamin K (as menadione sodium bisulfite complex), 6.4 mg; thiamin, 4.0 mg; riboflavin, 8.8 mg; pyridoxine, 4.4 
mg; vitamin B12, 33 µg; folic acid, 1.3 mg; niacin, 44 mg; pantothenic acid, 22 mg; D–biotin, 0.22 mg.  
4 Provided 88 g tylosin per kilogram of diet.
5 Provided 130 mg ethoxyquin per kilogram of diet.
6 Values for ME, Ca, and P were obtained from the feedstuff values listed in the NRC (1998); SID = standardized 
ileal digestibility basis. 
7 Analyzed values for CP are presented in parenthesis and are expressed as the percentage as–fed. 
8 Analyzed values for the amino acids are presented in parenthesis and are expressed as a percentage as–fed. 
9 The computed ratio in parenthesis is the original calculated ratio reduced by the same percentage as the analyzed 
total ratio is reduced from the calculated total ratio (e.g., 0.1413 x [0.1472/0.1531] = 0.1359). 
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The diets in Exp. 3 (Table 3.3) were similar to Exp. 2, with decreased SBM 
inclusion (5%) and the addition of corn gluten meal (5%) as a source of additional 
essential AA not being examined. The target Lys level was reduced to 83% of the 
estimated requirement (i.e., 0.905% x 83% = 0.750% total Lys) which equated to an SID 
Lys level of 0.661%. Dietary treatments consisted of 5 increasing SID Trp:Lys ratios 
(11.97, 13.50, 15.04, 16.57, and 18.11%). The low and high–Trp:Lys ratio basal diets 
were calculated to contain 13.14% and 13.18% CP, respectively, and 3,352 and 3,347 
kcal/kg ME, respectively. The blending procedure for Exp. 3 is detailed in Table A.1.3. in 
Appendix 1. The complete diet analysis for Exp. 3 is displayed in Table A.2.3. in 
Appendix 2.  
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Table 3.3. Composition of the basal diets for Exp. 3 (%, as–fed basis) 
Ingredient Diet: Low Trp:Lys High Trp:Lys 
Corn, ground 79.765 79.765 
Canadian field peas, ground 5.00 5.00 
Soybean meal, 48% CP 5.00 5.00 
Corn gluten meal, 60% CP 5.00 5.00 
Corn starch1 0.50 0.46 
AB–20 (clay) 0.50 0.50 
Choice white grease 1.00 1.00 
Salt 0.50 0.50 
Dicalcium phosphate 1.20 1.20 
Limestone 0.85 0.85 
Trace–mineral premix2 0.075 0.075 
Vitamin premix3 0.10 0.10 
Tylan–404 0.05 0.05 
Santoquin5 0.02 0.02 
L–lysine 0.35 0.35 
L–threonine 0.08 0.08 
L–tryptophan 0.00 0.04 
DL–methionine 0.01 0.01 
Total: 100.00 100.00 
Calculated nutrient profile6 
ME, kcal/kg 3,352 3,347 
CP, %7 13.14 (13.45) 13.18 (13.55) 
Total Lys, %8 0.7499 (0.73) 0.7499 (0.73) 
Total Trp, %8 0.1066 (0.10) 0.1462 (0.14) 
Total Trp:Lys, % 0.1422 (0.1370) 0.1950 (0.1918)
SID Lys, % 0.6610 0.6610 
SID Trp, % 0.0821 0.1217 
SID Trp:Lys, %9 0.1243 (0.1197) 0.1842 (0.1811)
Ca, % 0.618 0.618 
P, % 0.522 0.522 
1 L–tryptophan was added at the expense of corn starch to the high SID Trp:Lys ratio diet. 
2 Provided the following per kilogram of diet: Zn, 131 mg as ZnO; Fe, 131 mg as FeSO4·H2O; Mn, 45 mg as MnO; 
Cu, 13 mg as CuSO4·H2O; I, 1.5 mg as CaI2O6; Co, 0.23 mg as CoCO3; Se, 0.28 mg as NaSeO3. 
3 Provided the following per kilogram of diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; vitamin E, 44 IU; vitamin K 
(as menadione sodium bisulfite complex), 6.4 mg; thiamin, 4.0 mg; riboflavin, 8.8 mg; pyridoxine, 4.4 mg; vitamin 
B12, 33 µg; folic acid, 1.3 mg; niacin, 44 mg; pantothenic acid, 22 mg; D–biotin, 0.22 mg.  
4 Provided 88 g tylosin per kilogram of diet.
5 Provided 130 mg ethoxyquin per kilogram of diet. 
6 Values for ME, Ca, and P were obtained from the feedstuff values listed in the NRC (1998); SID = standardized 
ileal digestibility basis. 
7 Analyzed values for CP are presented in parenthesis and are expressed as the percentage as–fed. 
8 Analyzed values for the amino acids are presented in parenthesis and are expressed as a percentage as–fed. 
9 The computed ratio in parenthesis is the original calculated ratio reduced by the same percentage as the analyzed 
total ratio is reduced from the calculated total ratio (e.g., 0.1370 x [0.1243/0.1422] = 0.1197). 
3.2.5. Data collection 
Pig weights and feed intake were measured weekly for determination of growth 
performance. Blood samples were collected via jugular venipuncture using a 10 mL 
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syringe and then placed in a 7–10 mL capacity evacuated blood collection tubes 
containing sodium heparin (Becton Dickinson Vacutainer System, Rutherford, NJ). On 
the morning of scheduled blood collection, all pigs were awaken at 0700, and blood 
collection commenced at 0845 in a manner that completed the replicates sequentially 
with a random dietary treatment order within each replicate. The procedure was 
completed by 1100 at the latest. This meant that each pen took about 5 to 6 minutes 
which equates to 25 to 30 minutes per replicate. This amount of time was deemed to be a 
narrow window within replicate with regard to potential changes in absorption and 
metabolism of meal constituents. Immediately following collection, blood samples were 
stored on ice for approximately 1 to 2 hours, and plasma samples were obtained by 
centrifugation (20 min at 1,200 x g, 4º C). Following centrifugation, plasma was 
harvested, divided into 1 mL aliquots, and stored at –20º C until being sent to the USDA 
laboratory of Dr. Brian Kerr in Ames, IA for determination of PUN metabolite 
concentrations (refer to Appendix 3 for procedure). 
3.2.6. Statistical analysis  
 Prior to analyses of variance, the growth performance was evaluated to identify 
any statistical outliers within individual pens. First, the pens displaying intrapen CV 
values higher than 25% for average daily gain were identified for further examination. 
Then individual pig performances within the selected pens were evaluated to identify the 
pig most divergent from its pen mates. This performance was then compared with 
littermates on other treatments in the experiment to determine whether the observed 
abnormalities were simply a genetic response. The suspected outliers were also compared 
to the performance of other pigs in other pens on that same dietary treatment. In the 
majority of evaluations, the pig was not removed from the data set; in a few instances it 
was decided that removal of the selected pigs from the study was appropriate. When a pig 
was removed from the experimental analysis (because of death or deemed a statistical 
outlier), the pen feed intake was adjusted based on a model that allocated feed relative to 
metabolic body weight and relative to weight gain (Lindemann and Kim, 2007). 
 The experimental data was then analyzed using the generalized linear model (Proc 
GLM) procedure of SAS® (SAS Inst. Inc., Cary, NC). The experimental unit in Exp. 1 
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was the individual pig while in Exp. 2 and Exp. 3 the experimental unit was the pen. The 
statistical model included treatment and replicate. Appropriate coefficients were 
computed for determination of the single degree of freedom contrasts for linear and 
quadratic responses across the dietary treatments. Unequal treatment spacing in Exp. 1 
required the use of the interactive matrix language procedure (Proc IML) for 
determination of the appropriate linear and quadratic coefficients. Due to the incomplete 
replication in some experiments, least squares means are reported. The results were also 
subjected to linear broken–line regression analysis (Robbins et al., 2006), where the 
identified breakpoint represented the estimated optimum Trp:Lys ratio. Although it was 
not the primary approach used for determination of the optimum Trp:Lys ratio, the results 
were also subjected to quadratic broken–line analysis to facilitate comparison with 
sources in the literature that utilized curvilinear or exponential statistical models to 
determine their requirements.  
3.3. Results 
3.3.1. Experiment 1 results 
 The results for Exp. 1 are shown in Table 3.4 (weekly performance data given in 
Table A.4.1.). Increasing total dietary Lys resulted in a linear increase in ADG (P = 
0.005) for the 21–d period, with no appreciable increase beyond 0.93% Lys (Figure 3.1). 
Subjecting the ADG response to broken–line methodology (Robbins et al., 2006) 
revealed an optimum total Lys of 0.905% (P = 0.013; Figure 3.2).  There were no 
statistical differences observed (P > 0.05) for average daily feed intake (ADFI), 
feed:gain, or PUN responses.  
Table 3.4. Exp. 1. Growth performance of growing pigs fed increasing levels of total 
Lys1 
    % Lys  PSEM   P–values
Parameter 0.80 0.88 0.93 0.98 1.03 1.11    Linear Quad
ADG, kg/d 0.84 0.91 0.94 0.88 0.92 0.95  0.048   0.005 0.421
ADFI, kg/d 1.61 1.76 1.81 1.70 1.69 1.77  0.100   0.150 0.218
Feed:gain 1.91 1.94 1.92 1.93 1.85 1.87  0.040   0.169 0.440
PUN, mg/dL 14.58 12.96 13.70 11.28 11.63 13.30  0.941   0.139 0.084
1 Represents the least squares means of 8 individually penned pigs (4 barrows, 4 gilts) per treatment for the 21–d 
experiment. 
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Figure 3.1. Exp. 1. ADG response from feeding increasing total Lys to growing pigs 
(Linear: P < 0.005; Quadratic: P = 0.009). 
 
 
Figure 3.2. Exp. 1. Linear broken–line analysis of the ADG response to increasing total 
Lys in the diets of growing pigs. The optimum total Lys (break point of the two linear 
lines) determined by linear broken–line analysis was 0.9052 (P = 0.013). 
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3.3.2. Experiment 2 results 
 Post–experiment evaluation of the growth performance data identified several 
statistical outliers and a total of 5 pigs were removed from the data analysis. Two pigs 
died during the study (Diet 4 and 5), and 5 were removed due to non–normal growth 
performance (1 pig from Diets 1, 2, 4, and 5) for reasons including both extremely 
limited and excessive weight gain relative to the overall group. Performance data from 
the outliers removed can be found in Tables A.5.1 – A.5.4. in Appendix 5.  
 The results for Exp. 2 can be found in Table 3.5 (weekly performance data given 
in Table A.4.2.). Feeding increasing SID Trp:Lys ratios fed to these growing pigs 
resulted in no effect on ADG (Fig 3.3), ADFI, and thus feed:gain. Plasma urea nitrogen 
concentrations increased linearly (P < 0.001) and quadratically (P = 0.091) as SID 
Trp:Lys ratios increased (Fig. 3.4), but this was not the anticipated response for this type 
of experiment. After careful consideration, it was determined that the target Lys level set 
for these diets may have been in excess of the requirement for these pigs and therefore 
AA in general were over fed.  
Table 3.5. Exp. 2. Growth performance of growing pigs fed increasing SID Trp:Lys 
ratios1 
    SID Trp:Lys  PSEM   P–valuesParameter 13.59% 15.28 16.97 18.67% 20.37%    Linear Quad
ADG, kg/d 0.69 0.75 0.73 0.70 0.72  0.025   0.779 0.439
ADFI, kg/d 1.52 1.63 1.60 1.62 1.65  0.064   0.282 0.654
Feed:gain 2.21 2.18 2.21 2.34 2.27  0.076   0.273 0.927
PUN, mg/dL 7.72 8.52 9.75 12.30 13.89  0.424   <.001 0.091
1 Least squares means of 5 pens (4 pens for SID Trp:Lys 20.37%) per treatment with 5 pigs/pen for the 21–d 
experiment. 
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Figure 3.3. Exp. 2. ADG response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P = 0.779; Quadratic: P = 0.439). 
 
 
Figure 3.4. Exp. 2. PUN response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P < 0.001; Quadratic: P = 0.091). 
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3.3.3. Experiment 3 results 
 In Exp. 3, the Lys level was lowered to 83% of the estimated requirement and 
additional protein sources were used, which resulted in lower SID Trp:Lys ratios fed. A 
total of 3 pigs (Diets 1, 3, 5) were removed from Exp. 3 because of non–normal growth 
performance results (detailed in Tables A.5.5–A.5.7. in Appendix 5). The results for Exp. 
3 are displayed in Table 3.6 (weekly performance data given in Table A.4.3.). As SID 
Trp:Lys ratios increased, ADG for the 21–d period increased linearly (P < 0.001) and 
quadratically (P = 0.009), displaying a plateau–effect seen around an SID Trp:Lys ratio 
of 15.04% (Figure 3.5).  Linear broken–line analysis for ADG revealed an optimum SID 
Trp:Lys ratio of 15.32% (P < 0.001) (Figure 3.6).  These results were supported by the 
PUN response, which decreased linearly (P = 0.069) and quadratically (P = 0.015) 
decrease as SID Trp:Lys ratios increased (Figure 3.7). The break point from linear 
broken–line analysis revealed that the optimum SID Trp:Lys ratio for PUN was 15.25% 
(P = 0.007) (Figure 3.8). Daily feed intake and feed:gain were not primary responses, but 
the results did in fact strongly support the ADG and PUN results (Figure 3.9 and 3.10). 
Overall, based on the mean of the optima’s determined from linear broken–line analysis 
for the ADG and PUN responses, the optimum SID Trp:Lys ratio for growing pigs fed 
U.S.–type corn–soybean meal ingredients was 15.29%, equating to 16.66% on a total AA 
basis. The mean of the optimum ADG and PUN values from quadratic broken–line 
analysis revealed a higher (as expected) SID Trp:Lys ratio of 16.48% (17.73% on a total 
basis).  
Table 3.6. Exp. 3. Growth performance of growing pigs fed increasing SID Trp:Lys 
ratios1 
    SID Trp:Lys  PSEM   P–valuesParameter 11.97% 13.50% 15.04% 16.57% 18.11%    Linear Quad
ADG, kg/d 0.56 0.65 0.79 0.79 0.82  0.023   <.001 0.009
ADFI, kg/d 1.31 1.46 1.73 1.70 1.74  0.045   <.001 0.007
Feed:gain 2.34 2.27 2.19 2.16 2.13  0.034   <.001 0.361
PUN, mg/dL 10.43 9.30 8.21 8.55 9.25  0.486   0.069 0.015
 1Represents the least squares means of 5 pens (4 pens for SID Trp:Lys 18.11%) per treatment with 5 pigs/pen for the 21–d 
experiment. 
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Figure 3.5. Exp. 3. ADG response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P < 0.001; Quadratic: P = 0.009). 
 
 
Figure 3.6. Exp. 3. Linear broken–line analysis of the ADG response to increasing SID 
Trp:Lys ratios in growing pigs. The optimum SID Trp:Lys ratio (breakpoint of the two 
straight lines) was 0.1532 (P < 0.001). 
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Figure 3.7. Exp. 3. PUN response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P = 0.069; Quadratic: P = 0.015). 
 
 
Figure 3.8. Exp. 3. Linear broken–line analysis of the PUN response to increasing SID 
Trp:Lys ratios in growing pigs. The optimum SID Trp:Lys (breakpoint of the two linear 
lines) was 15.25% for PUN (P = 0.007). 
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Figure 3.9. Exp. 3. ADFI response from feeding increasing SID Trp:Lys ratios to 
growing pigs (Linear: P < 0.001; Quadratic: P = 0.007). 
 
 
Figure 3.10. Exp. 3. Feed:gain response from feeding increasing SID Trp:Lys ratios to 
growing pigs (Linear: P < 0.001; Quadratic: P = 0.361). 
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3.4. Discussion 
 The objective of these experiments was to determine the optimum SID Trp:Lys 
ratio of 20 to 50 kg growing pigs fed diets with typical U.S.–type feedstuffs.  
 Experiment 1 was designed as a preliminary study aimed at determining the Lys 
requirement of the University of Kentucky pigs for application in diet formulation in 
subsequent experiments. In AA ratio requirement studies, it is essential to avoid 
formulating dietary Lys in excess of the pigs’ requirement as the subsequently 
determined optimum ratio will be underestimated (Boisen et al., 2000; Susenbeth and 
Lucanus, 2005; Susenbeth, 2006).  Increasing the total dietary Lys resulted in a linear 
increase in ADG (P = 0.005), with no further improvement beyond 0.93% Lys. Linear 
broken–line analysis indicated an optimum total Lys of 0.903% (P = 0.013). This 
estimate lies slightly below the NRC’s (1998) requirement estimate of 0.95% total Lys. 
Therefore, the Lys requirement for the University of Kentucky pigs was set at 0.903% for 
use in the subsequent Trp:Lys ratio studies.  
 The objective for experiment 2 was to utilize U.S.–type, corn–soybean meal based 
diets. To reduce the Trp:Lys ratio of our basal diet low enough, Canadian field peas were 
included at 5% of the diet and soybean meal inclusion was limited to 10%. Although the 
diet deviates slightly from the typical corn–soybean meal diet (with less soybean meal 
and added peas), the desired effect was still achieved as the diet contained over 75% 
ground corn, which is clearly low in Trp. The target Lys level was set at 90% of the 
estimated requirement determined in Exp. 1. Setting the dietary Lys at a suboptimal level 
(90%) was aimed at maximizing the utilization of both Lys and Trp (as well as the other 
EAA’s) by the pig. Diet analysis confirmed the ratios determined in the initial diet 
formulation (Table A.2.1. in Appendix 2). 
 In an evaluation as was conducted herein, the ADG should increase if the ratio 
used for Diet 1 (the lowest Trp:Lys ratio of 14.13%) was limiting, and then plateau once 
the optimum Trp:Lys ratio has been met. However, there was no clear plateau in the 
response for ADG (Table 3.5 and Figure 3.3), indicating that there were limiting factors 
other than Trp affecting the growth response in this experiment. The PUN response 
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confirmed this notion (Table 3.5 and Figure 3.4), as there was not a reduction in the PUN 
values, but rather a clear linear increase (P < 0.001). From these results, one of two 
possibilities were true: 1) the actual SID Trp:Lys ratio was below our lowest diet of 
14.13% (highly unlikely based on the previous literature for this size pig), or 2) all 
dietary EAA’s were in excess (suggesting Lys was overfed to the pigs in this 
experiment). While the total Lys level was set at a presumed 90% of the requirement, 
variations in the sire of pigs used in this experiment compared to the preliminary 
experiment in which the presumed requirement was determined may have changed the 
Lys requirement. Therefore, the decision was made to reduce the dietary Lys further and, 
at the same time, reduce the ratios if possible in the subsequent experiment.  
 In Exp. 3, dietary Lys was reduced to 83% of the requirement estimated by Exp. 1 
(i.e., 0.905% x 83% = 0.750% total Lys), equating to an SID Lys of 0.661%. The diets 
were very similar in ingredient composition with the exception of 5% inclusion of corn 
gluten meal at the expense of 5% soybean meal. 
 The shapes of the ADG and PUN response curves in these experiments confirmed 
the experimental design as appropriate, as both response variables displayed optimal 
performance near the SID Trp:Lys ratio of diet 3. Average daily gain increased linearly 
(P < 0.001) and quadratically (P = 0.009; Figure 3.5), with a break point of 15.32% (P < 
0.001; Figure 3.6) determined by linear broken–line analysis. This was supported by the 
PUN response which decreased linearly (P = 0.069) and quadratically (P =0.015; Figure 
3.7) in response to the increasing SID Trp:Lys ratios. The optimum SID Trp:Lys ratio of 
15.25% (P = 0.007) determined by linear broken–line analysis for PUN was remarkably 
similar to the optima determined for ADG. Since ADG responses tend to yield higher 
optima, while PUN responses yield lower determined optima (Susenbeth, 2006), the 
decision was made to average the values from these determined optima to ensure an 
accurate and objective optima was estimated. The mean of the ADG and PUN optima 
from linear broken–line analysis yielded an optimum SID Trp:Lys ratio of 15.29%, which 
equated to a total Trp:Lys ratio of 16.66%. While ADFI and feed:gain were not primary 
response variables, linear broken–line analysis for these responses strongly supported the 
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ADG and PUN results, revealing optima of 15.11% (P < 0.001) for ADFI and 15.92% (P 
< 0.001) for feed:gain (displayed in Tables A.6.1. and A.6.2. in Appendix 6).  
 It was chosen to utilize linear broken–line analysis as the approach to determine 
the optimum SID Trp:Lys ratio in this experiment. There is additional value in reporting 
the values determined using the curvilinear approach for comparative purposes. This was 
done using the quadratic function of broken–line regression analysis (Robbins et al., 
2006), where the SID Trp:Lys ratio at the asymptote of the fitted quadratic response 
curve represented the optimum. Quadratic broken–line analysis indicated an optimum 
SID Trp:Lys ratio of 17.66% for ADG (P < 0.001) and 15.31% for PUN (P = 0.007). The 
respective quadratic broken–line figures are located in Appendix 6 (Figures A.6.3. and 
A.6.4.). The mean of the optimum ADG and PUN values from quadratic broken–line 
analysis revealed a higher (as expected) SID Trp:Lys ratio of 16.49% (17.73% on a total 
AA basis) as expected compared to an SID Trp:Lys ratio of 15.29% when using linear 
broken–line analysis. The statistical approach used to determine the requirement in AA 
ratio studies depends on the philosophy of the researcher; it was determined that 
including the results from both approaches (although the use of linear broken–line 
analysis is favored here) would ease comparison with previous studies that may not have 
utilized linear broken–line analysis.  
 When making comparisons to previous studies, it is very important to note that 
only Trp:Lys ratios are being compared. A large portion of the reviewed literature 
(especially earlier studies), the dietary Trp requirement was reported in terms of g/kg diet 
or as a percentage of the diet, therefore these studies were not used for direct comparison 
due to the major differences between AA requirement and AA ratio requirement studies. 
It has been made very clear that optimal Trp utilization by the pig is dependent on the 
dietary Lys concentration, as excess dietary Lys may result in an underestimation of the 
Trp:Lys ratio requirement (Boisen, 2000; Susenbeth and Lucanus, 2005; Susenbeth, 
2006). A total of 9 publications conducted actual Trp:Lys ratio studies, 5 of which 
utilized corn–soybean meal diets (or some variation with corn as the primary ingredient). 
Utilizing nursery pigs, Lynch et al. (2000), Castaining et al. (2002), and Jansman and 
Van Diepen (2005) reported optimum Trp:Lys ratios above 20%, however, a plateau was 
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not reached in the performance responses from both Lynch et al. (2000) and Castaining et 
al. (2002), therefore these were not used for comparison. Lorschy and Patience (1999) 
reported an optimum AID Trp:Lys of 19% for 45–75 kg pigs, well above the optimum 
Trp:Lys ratio of 15.29%  determined from Exp. 3. Finally, Kendall et al. (2007) evaluated 
the SID Trp:Lys ratios in late finishing pigs (90–125 kg) pigs, suggesting an optimum 
SID Trp:Lys range of 14.50–17.05% fed U.S.–type corn–soybean meal diets. The 
optimum SID Trp:Lys of 15.29% from Exp. 3 lies well within the suggested range of 
Kendall et al (2007). 
 Jansman and Van Diepen (2005), evaluated the Trp:Lys ratio requirements of 
nursery pigs fed corn–soybean meal diets. In their experiment, they utilized 4 SID 
Trp:Lys ratios ranging from 14.7% to 23.4%, reporting an optimum SID Trp:Lys ratio of 
23.1% based on ADG. However, the estimated optimum Trp:Lys ratio was determined 
using the curvilinear method, which tends to overestimate the requirement (Guzik et al., 
2005a; Susenbeth, 2006). When analyzed using linear broken–line methodology, the 
resulting optima (breakpoint of the two straight lines) was estimated to be 18.59%. Using 
similar statistical approaches eases comparison, although an a optimum SID Trp:Lys of 
15.29% (Exp. 3) is lower than the 18.59% calculated from Jansman and Van Diepen 
(2005), their results agree well with the calculated Trp:Lys ratio requirement from the 
NRC (1998).  
 Kendall et al. (2007) evaluated SID Trp:Lys ratios in late–finishing pigs (90–125 
kg BW) fed typical production diets based on corn and soybean meal. Three different 
experiments were conducted at different production facilities with varied genotypes and 
pig densities. Despite some of the differences among the three experiments, the results 
displayed consistent responses to increasing dietary Trp:Lys ratios. The results from the 
three studies were combined, yielding results from 14 SID Trp:Lys ratios ranging from 
10.9% to 29.0%. This data was subjected to linear and quadratic broken–line analysis 
(Robbins et al., 2006), and the optima from both approaches were described in the 
conclusion. The authors took an interesting approach in describing the data; instead of 
determining an exact optimum Trp:Lys ratio (from either linear or quadratic broken–line 
analysis), the two points (breakpoint and asymptote of the quadratic curve) were used as 
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the lower and upper values in a recommended optimal range (min–max: 14.5%–17.05% 
SID Trp:Lys). As the authors compared these results with the reporting’s by Wang and 
Fuller (1989), and Baker and Chung (1992), they did not imply a drastic change in the 
optimum Trp:Lys ratio, but merely a downward revision of the needs for pigs fed corn–
soybean meal diets. The results from Exp. 3 lie well within the range reported by Kendall 
et al. (2007), therefore well in agreement with their results. Similarly, the optimum SID 
Trp:Lys range from Exp. 3 (based on the averages from the ADG and PUN results) 
would be 15.29–16.49%. 
 In comparison to the most recent review of the literature (Susenbeth, 2006), the 
results obtained from Exp. 3 (Trp:Lys ratios of 15.29% SID basis, 16.49% total basis) 
agree very well with estimated total Trp:Lys ratio requirement of 17.00%, and lie slightly 
below the calculated Trp:Lys ratio of 18% from the NRC (1998). In addition, this 
estimate lies below the calculated optimum SID Trp:Lys ratio of 18.59% (from linear 
broken–line analysis) of Jansman and Van Diepen (2005), while it is in strong agreement 
with the range of 14.50–17.05% reported by Kendall et al. (2007). Therefore based on the 
supportive responses from both ADG and PUN, increased Trp:Lys ratios above that of 
the calculated optimum Trp:Lys from the NRC (1998) are not required to achieve 
maximal performance in 20–50 kg pigs fed corn–soybean meal based diets.  
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CHAPTER 4. Determining the optimum dietary tryptophan to lysine ratio in 
growing pigs fed non–U.S.–type diets 
Abstract 
 An experiment was conducted to determine the optimum SID Trp:Lys ratio based 
on growth performance and PUN concentrations in growing pigs fed diets containing 
non–U.S.–type ingredients. Crossbred pigs (n=120; initial BW: 28.49 ± 2.92 kg) were 
blocked by BW and gender and allotted to 5 treatments with 5 pigs/pen for the 21–d 
study. The basal diet consisted primarily of barley (30%), Canadian field peas (30%), 
corn (17.35%), and wheat (8%). The treatment diets were formulated by the addition of 
supplemental Trp to create various SID Trp:Lys ratios (13.05, 14.32, 15.59, 16.85, and 
18.11%) with a constant SID Lys level of 0.66% (total basis, 0.79% Lys). Pigs were 
allowed ad libitum access to feed and water throughout the entire experimental period. 
Following an evaluation of the linear and quadratic nature of the responses by ANOVA, 
broken–line regression analysis was used to determine the optimum Trp:Lys ratio. As the 
SID Trp:Lys ratios increased from 13.05% to 18.11%, ADG increased (0.723, 0.784, 
0.835, 0.850, and 0.848 kg/d; linear, P = 0.007 and quadratic, P = 0.187). The optimum 
SID Trp:Lys ratio for ADG was estimated at 15.99 (P = 0.048) using linear broken–line 
regression analysis. Plasma urea N concentrations decreased (6.81, 6.22, 5.52, 5.60, and 
5.93 mg/dL; linear, P = 0.056 and quadratic, P = 0.067) with an optimum SID Trp:Lys 
ratio estimate of 15.29 (P = 0.054).  The mean optimum SID Trp:Lys ratio, then, based 
on ADG and PUN concentrations was calculated to be 15.64% which equates to 16.48% 
on a total AA basis for these ingredients.  
4.1. Introduction 
 The majority of the studies examining the Trp:Lys ratio requirements of pigs to 
date have utilized U.S.–type, corn–soybean meal based diets (or some slight variation). 
Recently, speculation has arisen regarding the optimum Trp:Lys ratio in pigs fed diets 
containing non–U.S.–type ingredients (specifically wheat, barley, and/or peas), 
suggesting that ratios above the calculated optimum Trp:Lys ratio from the NRC (1998) 
may be necessary. The bulk of this research has been with nursery pigs and conducted in 
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Europe. Calculation of the Trp:Lys ratio from the NRC (1998) reveals an optimum 
Trp:Lys ratio of 18%. Guzik et al. (2005b) reported that SID Trp:Lys ratios in excess of 
20% may be required for nursery pigs fed barley, wheat, and peas. European studies 
feeding barley and wheat–based diets to nursery pigs reported optimum SID ratios of 
20.9% (Jansman et al., 2000), and 23.4% (Jansman and Van Diepen, 2005); both of these 
studies displayed sharp increasing responses for ADG, suggesting that the requirement 
that may in fact be higher than what was reported. In growing pigs, Although several 
factors may contribute to the differences among the previous studies (genetic potential of 
European pigs, environmental conditions, etc.), it is evident from these studies that some 
believe the Trp:Lys ratio requirement for pigs may be higher than the accepted optimum 
Trp:Lys ratio calculated from the NRC (1998). 
 Therefore, an experiment was conducted to investigate the optimum SID Trp:Lys 
ratio of 20 to 50 kg pigs fed diets containing non–U.S.–type ingredients (barley, wheat, 
and peas). The optimum ratio was determined based on the response measures of growth 
performance and PUN concentrations. 
4.2. Materials and methods 
4.2.1. Animals 
 The experiment was conducted under protocols approved by UK’s Institutional 
Animal Care and Use Committee. Pigs were brought into the growing–finishing facility 
at approximately 18 to 20 kg BW, and immediately placed on a common corn–soybean 
meal diet, adequate in all nutrients for a minimum period of one week prior to allotment.  
 The experiment (experiment ID: UK 0706) was conducted in April 2007 and 
utilized 120 crossbred pigs [Yorkshire x Duroc; Yorkshire x Landrace; (Yorkshire x 
Duroc) x Chester White; (Yorkshire x Landrace) x Duroc; (Yorkshire x Landrace x 
Duroc) x Chester White] with an initial BW of 28.49 ± 2.92 kg that were allotted to 5 
SID Trp:Lys ratio treatments. The pigs were housed in 24 pens (2.73 m x 4.55 m), with 
concrete slats extending the length of each pen. Each pen was equipped with a single 
sided, two–hole, stainless steel feeder and 2 nipple waterers. The pigs were randomly 
allotted based on sex and initial BW in a randomized incomplete block design to 5 diets 
with 5 replicates of 5 pigs/pen. A post allotment evaluation was conducted to minimize 
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potential genetic bias by switching pigs within an allotment outcome to avoid having pen 
mates from the same litter. Complete replication of all 5 treatments was not possible 
because of a limitation of the number of available pens in the growing–finishing room 
(24 pens), therefore one pen from the highest Trp:Lys ratio was omitted. Two replicates 
contained 3 barrows and 2 gilts/pen, and another 2 replicates contained the inverse. The 
replicate omitting diet 5 contained 2 barrows and 3 gilts/pen. In all, 58 barrows and 62 
gilts were used in this experiment.  
4.2.2. Experimental diets 
 All raw materials were analyzed for total AA content by Evonik–Degussa (Hanau, 
Germany) prior to the experiment. The total AA analyses and the standardized digestible 
amino AA coefficients for all raw materials were used in final diet formulation 
(according to Evonik–Degussa’s standardized digestibility coefficients). Amino acids not 
being examined were formulated to slightly exceed the ideal AA pattern of Chung and 
Baker (1992a) using the included dietary Lys level. Vitamins, minerals, and AA not 
being examined were formulated to meet or exceed NRC (1998) requirement estimates. 
An antioxidant (Santoquin® – ethoxyquin; Novus Intl. Inc., St. Louis, MO) and a broad–
spectrum antibiotic (Tylan–40® – Tylosin phosphate; Elanco, Inc., Greenfield, IN) were 
also added to the experimental diets. The experiment utilized the same diet mixing 
procedure used in Exp. 1, 2, and 3; two basal diets were initially mixed and then blended 
in appropriate proportions to create the dietary treatments. A detailed explanation of this 
procedure is available in Appendix 1. 
 The basal diet for in this experiment was primarily based on barley (30%) and 
Canadian field peas (30%), with smaller proportions of corn (17.35%) and wheat (8%) 
(Table 4.1.). Wheat inclusion was limited to 8% due to its high Trp:Lys ratio (total/SID 
Trp:Lys: 40%/44%) in order to reduce the Trp:Lys ratio of the basal diet low enough to 
ensure that it was deficient.  A low ratio was also achieved by the addition of higher 
levels of diluent–type ingredients such as corn starch, choice white grease, and sand, 
which have a Trp:Lys ratio of zero. The basal diets were formulated to a target SID Lys 
level of 0.66% (0.79% on a total basis) as in Exp. 3. Dietary treatments consisted of 5 
increasing SID Trp:Lys ratios (13.05, 14.32, 15.59, 16.85, and 18.11%; Table 4.1). 
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Synthetic Trp (L–tryptophan, Evonik–Degussa, Hanau, Germany) was added at the 
expense of corn starch to create the high Trp:Lys ratio basal diet. The low– and high–
Trp:Lys ratio basal diets were calculated to contain 12.81% and 12.84% CP, respectively, 
and 3,326 and 3,324 kcal/kg ME, respectively. Complete laboratory analysis of the diets 
is displayed in Table A.2.4 in Appendix 2. Pigs were allowed ad libitum access to their 
respective diet for the entire 21–d experimental period.  
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Table 4.1. Composition of the basal diets for Exp. 4 (%, as–fed basis) 
Ingredient Diet: Low Trp:Lys High Trp:Lys 
Corn, ground 17.347 17.347 
Canadian field peas, ground 30.00 30.00
Barley, ground 30.00 30.00
Wheat, ground 8.00 8.00
Corn starch1 4.00 3.96
AB–20 (clay) 0.50 0.50
Choice white grease 6.00 6.00
Sand 1.00 1.00
Salt 0.50 0.50
Dicalcium phosphate 1.10 1.10
Limestone 0.85 0.85
Trace–mineral premix2 0.075 0.075
Vitamin premix3 0.10 0.10
Tylan–404 0.05 0.05
Santoquin5 0.02 0.02
L–lysine 0.18 0.18
L–threonine 0.12 0.12
L–Valine 0.008 0.008
L–isoleucine 0.03 0.03
L–tryptophan 0.00 0.04
DL–methionine 0.12 0.12
Total: 100.00 100.00 
Calculated nutrient profile6 
ME, kcal/kg 3,326 3,324 
CP, %7 12.81 (12.32) 12.84 (12.35) 
Total Lys, %8 0.7903 (0.84) 0.7903 (0.84) 
Total Trp, %8 0.1206 (0.12) 0.1602 (0.15) 
Total Trp:Lys, %8 0.1526 (0.1436) 0.2027 (0.1850) 
SID Lys, % 0.6633 0.6633 
SID Trp, % 0.092 0.1316 
SID Trp:Lys, %9 0.1387 (0.1305) 0.1984 (0.1811) 
Ca, % 0.607 0.607 
P, % 0.504 0.504 
1 L–tryptophan was added at the expense of corn starch to the high SID Trp:Lys ratio diet. 
2 Provided the following per kilogram of diet: Zn, 131 mg as ZnO; Fe, 131 mg as FeSO4·H2O; Mn, 45, mg as MnO; 
Cu, 13 mg as CuSO4·H2O; I, 1.5 mg as CaI2O6; Co, 0.23 mg as CoCO3; Se, 0.28 mg as NaSeO3. 
3 Provided the following per kilogram of diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; vitamin E, 44 IU; vitamin K 
(as menadione sodium bisulfite complex), 6.4 mg; thiamin, 4.0 mg; riboflavin, 8.8 mg; pyridoxine, 4.4 mg; vitamin 
B12, 33 µg; folic acid, 1.3 mg; niacin, 44 mg; pantothenic acid, 22 mg; D–biotin, 0.22 mg.  
4 Provided 88 g tylosin per kilogram of diet.
5 Provided 130 mg ethoxyquin per kilogram of diet. 
6 Values for ME, Ca, and P were obtained from the feedstuff values listed in the NRC (1998); SID = standardized ileal 
digestibility basis. 
7 Analyzed values for CP are presented in parenthesis and are expressed as the percentage as–fed. 
8 Analyzed values for the amino acids are presented in parenthesis and are expressed as a percentage as–fed; the ratio 
is that of the computed Trp level based on a regression of analyzed values (thus, 0.1206 for the low diet and 0.1554 
for the high diet) divided by the mean analyzed Lys (0.840%) for all 5 diets. 
9 The total Trp:Lys ratios based on the analyzed values were different from that of the ratio based on calculated amino 
acid values. Thus computed ratio in parenthesis is the original calculated ratio reduced by the same percentage as the 
analyzed total ratio is reduced from the calculated total ratio (e.g., 0.1387 x [0.1436/0.1526] = 0.1305). 
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4.2.3. Data collection 
 Pig weights and feed intake were measured weekly for determination of growth 
performance. Blood samples were collected via jugular venipuncture using a 10 mL 
syringe and then placed in a 7 to 10 mL capacity evacuated blood–collection tube spray 
coated with sodium heparin (Becton Dickinson Vacutainer System, Rutherford, NJ). On 
the morning of scheduled blood collection, all pigs were awaken at 0700, and blood 
collection commenced at 0845 in a manner that completed the replicates sequentially 
with a random dietary treatment order within each replicate. The procedure was 
completed by 1100 at the latest. This meant that each pen took about 5 to 6 minutes 
which equates to 25 to 30 minutes per replicate. This amount of time was deemed to be a 
narrow window within replicate with regard to potential changes in absorption and 
metabolism of meal constituents. Immediately following collection, blood samples were 
stored on ice for approximately 1 to 2 hours, and plasma samples were obtained by 
centrifugation (20 min at 1,200 x g, 4º C).. Following centrifugation, plasma was 
harvested, divided into 1 mL aliquots, and stored at –20º C until being sent to the USDA 
laboratory of Dr. Brian Kerr in Ames, IA for determination of PUN metabolite 
concentrations (see Appendix 3 for procedure). 
4.2.4. Statistical analysis 
 Prior to analyses of variance, the growth performance was evaluated to identify 
any statistical outliers within individual pens. First, the pens displaying intrapen CV 
values higher than 25% for average daily gain were identified for further examination. 
Then individual pig performances within the selected pens were evaluated to identify the 
pig most divergent from its pen mates. This performance was then compared with 
littermates on other treatments in the experiment to determine whether the observed 
abnormalities were simply a genetic response. The suspected outliers were also compared 
to the performance of other pigs in other pens on that same dietary treatment. In the 
majority of evaluations, the pig was not removed from the data set; in a few instances it 
was decided that removal of the selected pigs from the study was appropriate. The feed 
intake of the remaining pigs within those pens was estimated using the model developed 
by Lindemann and Kim (2007). 
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 The experimental data was then analyzed using the generalized linear model (Proc 
GLM) procedure of SAS® (SAS Inst. Inc., Cary, NC). The pen of pigs was the 
experimental unit. The statistical model included treatment and replicate. Appropriate 
coefficients for determination of the single degree of freedom contrasts for linear and 
quadratic responses across the dietary treatments were computed using the interactive 
matrix language procedure (Proc IML). Due to incomplete replication, least squares 
means are reported. The results were also subjected to linear broken–line regression 
analysis (Robbins et al., 2006), where the identified breakpoint represented the estimated 
optimum Trp:Lys ratio. Although it was not the primary approach used for determination 
of the optimum Trp:Lys ratio, the results were also subjected to quadratic broken–line 
analysis to facilitate comparison with sources in the literature that utilized curvilinear or 
exponential statistical models to determine their requirements.  
4.3. Results 
 The results for Exp. 4 are shown in Table 4.2 (weekly performance data given in 
Table A.4.4). Initial examination of the performance data revealed unusual results for 1 
pen in the final replicate for d 14 to 21 (Diet 2, SID Trp:Lys: 14.32%). Daily gain 
dropped below 0.15 kg/d for 3 of the 5 pigs in the pen, and the remaining 2 pigs had less 
than 0.4 kg/d. Daily gain of 0.4 kg/d was less than half of the ADG during this period for 
the mean of the rest of the pigs on the study (0.84 ± 0.21 kg/d). More revealing were the 
PUN values, with values as high as 14 and 21 mg/dL (which were not observed on any 
other dietary treatment in any of the studies). While feed intake during this period 
remained consistent with the other pigs on the study and there were no behavioral 
differences recorded for this pen during the experimental period, it was determined that 
the performance by this pen was extremely uncharacteristic for pigs of this age/size and 
thus it was considered a statistical outlier and the entire pen was omitted from the 
statistical analysis. The growth performance data and PUN concentrations for each of the 
pigs in this pen are listed in Table A.5.9. in Appendix 5. 
 Although tremendous care was taken in diet mixing and sampling, laboratory 
analysis of the individual experimental diets did not confirm the calculated formulation 
values, specifically Lys which analyzed above the anticipated values (0.840 vs. 0.797%; 
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Table A.2.4. in Appendix 2). Also, slight variation in the analyzed Lys values existed 
across the 5 diets. In retrospect, it was realized that the SBM that was originally set aside 
for the studies had been used in previous studies and a new lot was used in this 
experiment. Considering that only 2 basal diets were mixed (Diets 1 and 5), individual 
weighing errors were not the cause of this variation for diets 2, 3, 4, and that either 
sampling error or laboratory error was to blame. Any weighing errors for diets 1 or 5 
would likely be reflected in the analyses of all diets (or at least 4 of 5) due to the large 
quantity of each basal diet mixed (6000 lbs each), which were then blended together 
forming the intermediate diets. Therefore it was determined to use the mean of the Lys 
value for Diet 1 and 5, yielding a value of 0.84% total Lys which was assumed to be the 
Lys level across all 5 diets. 
 In addition, there was a discrepancy regarding the analyzed Trp values, as diets 2–
3 and 3–4 resulted in the same values (0.14 and 0.15 respectively). The 2 previous 
experiments have strongly supported the mixing procedure that was used, as the diets 
analyzed very close to the calculated values. Thus, again, sampling error or laboratory 
error would be responsible for any deviations from the calculated values based on the 
blending of the 2 basal diets. In addition, the results from the diet analysis were given 
using only 2 significant digits, where 4 significant digits were used in diet formulation. 
Given the amount of precision required in this type of experiment, a limitation of 2 
significant digits decreases the precision needed to clearly identify the dietary nutrient 
concentration. For example, Diet 1 was formulated to contain 0.1206% total Trp in the 
diet and analysis returned a value of 0.12%. As this is a rounded number, it is unknown if 
this is the actual analyzed value, or if the actual value exists between 0.115% and 
0.124%. If the same is applied to the Lys value, the most extreme cases would produce 
1.2% difference in the calculated Trp:Lys ratio. It was decided that the analyzed values of 
the intermediate diets (Diets 2 to 4) did not accurately reflect the Trp concentration of 
those diets. Therefore using the Trp values from the analyzed feedstuffs and the analyzed 
supplemental Trp values (which were expressed using 3 significant digits), the Trp 
content of Diet 1 and Diet 5 was estimated by adding the 2 values. The Trp levels for the 
intermediate diets were computed based on a regression of the estimated analyzed values 
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for the low (0.1206) and high (0.1554) basal diets. The final Trp:Lys ratios were 
recalculated using the regressed Trp values and a total Lys level of 0.84% (see Table 
A.2.4. in Appendix 2 for complete diet analysis). 
 As SID Trp:Lys ratios increased, there was a linear increase in ADG (P = 0.007) 
with the appearance of a plateau–effect near 15.59% (this was not supported by the 
quadratic P–value, P = 0.187; Figure 4.1). Linear broken–line analyses revealed an 
optimum SID Trp:Lys ratio for ADG of 15.99% (P = 0.048; Figure 4.2). Plasma urea N 
concentrations decreased linearly (P = 0.056) and quadradically (P = 0.067) as SID 
Trp:Lys ratios increased (Figure 4.3). Broken–line analysis identified an optimum SID 
Trp:Lys ratio for PUN of 15.29% (P = 0.054). In general, ADFI increased linearly (P = 
0.009) as SID Trp:Lys ratios increased (Figure 4.5), although the numerical differences 
between Diet 2, 3, 4, and 5 were subtle. There was not a significant response observed for 
feed:gain (Figure 4.6). The figures for the linear broken–line analysis for ADFI and 
feed:gain are listed in Tables A.6.5. and A.6.6. in Appendix 6. Averaging the break point 
values for ADG and PUN obtained from broken–line analyses produces an optimum SID 
Trp:Lys ratio estimate for Exp. 4 of 15.64%, which equates to 16.48% on a total AA 
basis. 
Table 4.2. Exp. 4. growth performance of growing pigs fed increasing SID Trp:Lys 
ratios in non–U.S.–type diets1 
    SID Trp:Lys PSEM P–valuesParameter 13.05% 14.32% 15.59% 16.85% 18.11% Linear Quad
 ADG, kg/d 0.72 0.78 0.84 0.85 0.85 0.032 0.007 0.187
 ADFI, kg/d 1.60 1.74 1.71 1.77 1.77 0.038 0.009 0.188
 Feed:gain 2.21 2.22 2.05 2.10 2.09 0.068 0.120 0.488
 PUN, mg/dL 6.81 6.22 5.52 5.60 5.93 0.357 0.056 0.067
 1Represents the least squares means of 5 pens (4 pens for SID Trp:Lys 14.32% and 18.11%) per treatment with 5 
pigs/pen for the 21–d experiment. 
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Figure 4.1. Exp. 4. ADG response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P = 0.007; Quadratic: P = 0.187). 
 
 
Figure 4.2. Exp. 4. Linear broken–line analysis of the ADG response to increasing SID 
Trp:Lys ratios in growing pigs. The optimum SID Trp:Lys ratio (break point of the two 
straight lines) based on this response was 0.1599 (P = 0.048). 
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Figure 4.3. Exp. 4. PUN response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P = 0.056; Quadratic: P = 0.067). 
 
 
Figure 4.4. Exp. 4. Linear broken–line analysis of the PUN response to increasing SID 
Trp:Lys ratios in growing pigs. The optimum SID Trp:Lys ratio (breakpoint of the two 
straight lines) based on this response was 0.1529 (P = 0.054).  
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Figure 4.5. Exp. 4. ADFI response from feeding increasing SID Trp:Lys ratios to 
growing pigs (Linear: P = 0.009; Quadratic: P = 0.188). 
 
 
Figure 4.6. Exp. 4. Feed:gain response from feeding increasing SID Trp:Lys ratios to 
growing pigs (Linear: P = 0.120; Quadratic: P = 0.488). 
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4.4. Discussion 
 The purpose of this experiment was to address the controversy that suggests 
greater Trp:Lys ratios are required for pigs fed diets containing non–U.S.–type 
ingredients, specifically barley, wheat, and peas. Wheat inclusion was extremely limited 
during diet formulation in this study because of its high Trp:Lys ratio, so the diet 
composition is different from the classic Canadian/European–styled diets which typically 
contain wheat levels at or above 60% of the diet. Nonetheless, the desired effect of 
minimizing corn–SBM usage was still achieved with 8% wheat inclusion, along with 
30% barley, 30% Canadian field peas and 17% corn in the diets. 
 The shape of the response curves for ADG and PUN in this experiment very 
closely resembled the responses from the experiment using corn–soybean meal diets 
(Chapter 3), indicating that increased Trp:Lys ratios above the NRC (1998) 
recommendations are not required when the diet is based on primarily 
Canadian/European types of ingredients. Also, the close relationship between the chosen 
response variables further supported the study design. Linear effects were observed in 
both responses and quadratic effects were observed in PUN (Table 4.2), although the 
quadratic (P = 0.067) P–value for PUN was not as strong as was observed in the corn–
soybean meal experiment. Linear break–point analyses for ADG using the original 
Trp:Lys ratios revealed an optimum Trp:Lys ratio of 17.34% and 16.51% for PUN. 
However, as stated, the total levels of Lys analyzed in the diets exceeded the calculated 
values and the level of supplemental Trp was marginally less than anticipated. This had 
the cumulative effect of reducing the actual ratios that were fed to the pigs. The 
anticipated SID and total Trp:Lys ratio ranges were 13.87% to 19.84% and 15.26% to 
20.27%, respectively, whereas the total range based on analyzed values was actually 
14.36% to 18.50%. Assuming the same ratio of SID:total as was originally calculated, 
this  and applying these ratios to the computed Trp and Lys levels, resulted in a computed 
SID range of 13.05% – 18.11%. Using the new SID range, the breakpoint for ADG was a 
ratio of 15.99% (Figure 4.2; P = 0.048) and for PUN was a ratio of 15.29 (Figure 4.4; P = 
0.054); these values result in a mean ratio of 15.64 which, when converted to a total 
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Trp:Lys ratio, equals 16.48% for the 25 to 50 kg pigs fed the ingredients used in this 
experiment.  
 It was chosen to utilize linear broken–line analysis as the approach to determine 
the optimum SID Trp:Lys ratio in this experiment as it provides an objective, unbiased  
estimate of the optimum Trp:Lys ratio. There is additional value in examining the values 
determined using the curvilinear approach for comparative purposes. This was done using 
the quadratic function of broken–line regression analysis (Robbins et al., 2006), where 
the SID Trp:Lys ratio at the asymptote of the fitted quadratic response curve represented 
the optimum. Quadratic broken–line analysis indicated an optimum SID Trp:Lys ratio of 
16.74% for ADG (P = 0.041) and 15.89% for PUN (P = 0.024). The respective quadratic 
broken–line figures are located in Appendix 6 (Figures A.6.6. and A.6.7.). The mean of 
the optimum ADG and PUN values from quadratic broken–line analysis revealed a 
higher (as expected) SID Trp:Lys ratio of 16.32% (17.04% on a total AA basis) 
compared to an SID Trp:Lys ratio of 15.64% when using linear broken–line analysis. The 
statistical approach used to determine the requirement in AA ratio studies depends on the 
philosophy of the researcher; examining the results from both approaches (although the 
use of linear broken–line analysis is favored here) eases comparison with previous studies 
that may not have utilized the linear broken–line analysis.  
 In the area of nursery pigs nutrition, several publications have examined Trp:Lys 
ratios in pigs fed non–U.S.–type diets (Jansman et al., 2000; Pluske and Mullan, 2000; 
Guzik et al., 2005b; Jansman and Van Diepen, 2005). There has not been any published 
Trp:Lys ratio requirement research utilizing growing or finishing pigs fed this style of 
diet.  
 Jansman et al. (2000) estimated that SID Trp:Lys ratios in excess of 20.9% were 
required for optimal growth in 9 to 28 kg pigs fed primarily wheat–based diets. In their 
experiment, they examined only 3 SID Trp:Lys ratios which were very widely spaced 
(14.8, 18.0, and 20.9%). The daily gain response increased linearly across the treatment 
structure, producing the greatest performance at a Trp:Lys ratio of 20.9% (ADG: 506, 
560, 613 g/d).  The number of treatments and the spacing of those treatments appears to 
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limit the interpretation of this data, as additional treatments might facilitate more precise 
identification of an optimum Trp:Lys ratio. A SID Trp:Lys ratio of 20.9% is well above 
the calculated Trp:Lys ratio of 18% from the NRC (1998). 
 Guzik et al. (2005b) evaluated Trp:Lys ratios in 7–16 kg nursery pigs. They 
examined 3 Trp:Lys ratios (14.5, 17.0, and 19.5%) in a pea, barley, and wheat–based diet 
(very similar to the basal diets used herein). The 28–d trial displayed a linear increase in 
ADG as SID Trp:Lys ratios increased, with optimum performance obtained at the highest 
Trp:Lys ratios (19.5%; P < 0.01). Therefore, they suggest that SID Trp:Lys ratios above 
the NRC (1998) recommended level of 18% may be needed to promote optimum 
performance when feeding wheat, barley, and peas to pigs. 
 Jansman and Van Diepen (2005), evaluated the effect of diet composition on the 
Trp:Lys ratio requirement of nursery pigs. In their 28–d experiment, they utilized 4 SID 
Trp:Lys ratios (14.7, 17.6, 20.5, and 23.4%) in both corn–soybean meal and wheat–
barley based diets for a total of 8 experimental diets. Optimum performance (ADG and 
ADFI) was achieved at an SID Trp:Lys ratio of 23.4% in both diet types (P < 0.05). 
Average daily gain was higher in the pigs fed wheat–barley based diets (ADG: 452, 563, 
591, and 597 g/d) than the pigs fed corn–soybean meal diets  (ADG: 450, 528, 562, and 
579 g/d). Therefore, they estimated that the SID Trp:Lys ratio requirement was actually 
higher for the pigs fed the corn–SBM based diet (23.1%) than for the wheat–barley based 
diets (21.4%). The estimates for optimum Trp:Lys ratio were determined using the 
curvilinear method, which tends to overestimate the requirement (Guzik et al., 2005a; 
Susenbeth, 2006). When analyzed using linear broken–line methodology, the data 
resulted in optimum SID Trp:Lys ratios of 18.63% for the wheat–barley diets and 18.59% 
for the corn–SBM diets. Overall, while they reported that feeding an SID Trp:Lys ratio of 
23.4% would produce optimal performance in nursery pigs fed both corn–SBM–based or 
wheat–barley–based diets, our evaluation of their data using linear broken–line analysis, 
produced optimum SID Trp:Lys ratio (18.59%) very close to the calculated Trp:Lys ratio 
of 18% from the NRC (1998). 
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 Susenbeth and Lucanus (2005) also conducted a nursery study (BW: 15–25 kg) 
where increasing SID Trp:Lys ratios in wheat–barley based diets were fed (6 diets, ratios 
ranging from 17.5% to 24.5%). Unfortunately their experiment failed to display a 
significant response to Trp supplementation. They concluded that the optimum Trp:Lys 
ratio could not be identified, speculating that it lied below that of their lowest treatment 
(SID Trp:Lys: 17.5%). Although there was not a significant response to Trp 
supplementation, ADG was very high across the treatment structure (Average: 0.84 kg/d), 
which does not support the thinking that Trp:Lys ratios in excess of 20% are needed to 
achieve maximal BW gain.  
 It is clear that variation exists among the Trp:Lys ratio requirement studies that 
have utilized non–U.S.–type ingredients. Experiments that evaluate less than 4 Trp:Lys 
ratios (Jansman et al., 2000; Guzik et al., 2005b) cannot precisely estimate an optimum 
Trp:Lys ratio as effectively as experiments that utilize 4 or more treatments. In these 
dose–response type experiments, the growth response generally increases as Trp:Lys 
ratios increase until reaching a plateau once the requirement has been met. It is very 
difficult to discern any plateau with only 3 treatments, whereas 4 to 6 treatments would 
reveal more accurately how the pigs would react to Trp supplementation. As pigs are 
very sensitive to Trp supplementation, wide spacing of treatments makes it challenging to 
determine a precise estimate. The decision to utilize 5 SID Trp:Lys ratios in Exp. 4 was 
supported by a clear response to the dietary treatments, and thus, facilitating a confident 
estimate the optimum Trp:Lys ratio.  
 The statistical methods used to interpret the experimental results clearly affect the 
estimated requirements determined in these studies. For example, the broken–line method 
almost always results in lower AA ratio requirement estimates than the curvilinear 
method. Analyzing the results from Schutte et al. (1995) and Jansman and Van Diepen 
(2005) using linear broken–line methodology resulted in lower optimum Trp:Lys ratios 
than that reported by these authors. It has been reported by several authors in the 
literature that standardization of the statistical methodology used in AA ratio studies may 
decrease some of the variation among published results (Susenbeth and Lucanus, 2005; 
Guzik et al., 2005a; Susenbeth, 2006) and the current evaluations support that concept. 
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 Although the treatment structure did not contain SID Trp:Lys ratios above 
18.11%, the shape of the ADG response curve shows that a plateau was achieved before 
the highest Trp:Lys ratio. Therefore, one can safely speculate that ratios above what was 
evaluated herein would not provide any increased benefit to the pig. An estimate of 
15.64% (16.48% total basis) for the optimum SID Trp:Lys ratio is slightly higher than the 
estimate of 15.29% (16.66% total basis) from Chapter 3 which utilized corn–soybean 
meal based diets. In growing pigs, this estimate lies below that of Schutte et al. (1995; 
19.3%, total basis) and Eder et al. (2003; 20%, SID basis). Subjecting the data from Eder 
et al. (2003) to linear broken–line analysis, the resulting optimum SID Trp:Lys ratio of 
17.0% is much closer to the estimate determined in this experiment. This estimate lies 
well below that of Jansman et al. (2000; 20.9%, SID basis), Guzik et al. (2005b; 20%, 
SID basis), and Jansman and Van Diepen (2005; 23.4%, SID basis) as these studies 
utilized nursery pigs. Linear broken–line analysis of the data from Jansman and Van 
Diepen (2005) produced optimum SID Trp:Lys ratios for corn–SBM (18.59%) and 
wheat–barley (18.63%) which agree well with the NRC (1998) recommendation of 18%. 
One can speculate that the use of larger pigs (25 to 50 kg) under these same conditions 
might result in optima similar to that obtained in this experiment.  
 Based on the supportive responses from ADG and PUN, increased Trp:Lys ratios 
above NRC (1998) recommendations are not required when feeding diets containing 
non–U.S.–type ingredients.  
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CHAPTER 5. Determining the optimum dietary tryptophan to lysine ratio in 
growing pigs fed diets formulated with higher levels of the other essential 
amino acids 
Abstract 
 Two experiments were conducted to evaluate the optimum SID Trp:Lys ratio in 
20 to 50 kg pigs fed diets where the EAA’s not being examined were formulated to the 
actual Lys requirement (versus the dietary Lys, which occurs at a suboptimal level). The 
treatment structures in these experiments were designed around the mean optimum SID 
Trp:Lys ratio of 15.5% determined in Exp. 3 and 4, with 3 treatments above and below 
this value. Experiment 5 utilized 96 crossbred pigs (initial BW: 32.48 ± 1.69 kg) that 
were allotted to 6 SID Trp:Lys ratios (12.98, 13.88, 14.77, 17.94, 18.18, and 20.45%) 
which were fed for 21 d. The pigs were allotted on the basis of sex and initial BW in a 
randomized complete block design with 4 pigs/pen. As SID Trp:Lys ratios increased, 
ADG increased linearly (P < 0.001) and quadratically (P = 0.037). Linear broken–line 
analysis revealed an optimum SID Trp:Lys ratio of 15.11% (P < 0.001) for Exp. 5. 
Plasma urea N concentrations uncharacteristically did not respond to increasing SID 
Trp:Lys ratios. As this response was unclear, the experiment was repeated under similar 
conditions (Exp. 6). Experiment 6 utilized 120 crossbred pigs (initial BW: 24.13 ± 2.72 
kg) that were allotted to 6 SID Trp:Lys ratios (13.08, 14.06, 15.04, 17.00, 18.95, and 
20.91%) which were fed for 21 d. The pigs were allotted in a manner as Exp. 5, however 
the number of pigs/pen was increased to 5. As SID Trp:Lys ratios increased, ADG 
increased linearly (P < 0.001) and quadratically (P = 0.004), while linear broken–line 
analysis indicated an optimum SID Trp:Lys ratio of 17.93% (P < 0.001). Plasma urea N 
concentrations decreased linearly (P = 0.011) and quadratically (P = 0.015) as SID 
Trp:Lys ratios increased, with a breakpoint at 16.17% (P = 0.009). Based on the average 
of the ADG and PUN optima from linear broken–line analysis in Exp. 6, the optimum 
SID Trp:Lys ratio was determined to be 17.05% (17.54% total Trp:Lys). 
5.1 Introduction 
 It is often the case in AA ratio requirement studies that dietary Lys is set at a 
suboptimal level to ensure an appropriate response and to avoid underestimation of the 
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requirement if dietary Lys is too high (Susenbeth, 2006). This approach also ensures that 
the determined optimum AA:Lys ratio will correspond to the maximum utilization of 
both the AA in question and Lys by the pig (Van Cauwenberghe and Relandeau, 2000). 
However, when formulating the other EAA’s to a suboptimal Lys level, some concern 
has been expressed regarding possible co–limitations with the other EAA’s (Personal 
communication). In Trp:Lys ratio studies, concern has also been expressed regarding 
additional co–limitations due to the nature of the basal diets, which are often formulated 
to very low Trp:Lys ratios to ensure any response to added Trp (Kendall et al., 2007).  
Based on the ideal protein concept, formulating the EAA’s at a suboptimal Lys level 
(versus the requirement), would result in a lower total concentration of the EAA’s in the 
diets than if those EAA were formulated to the presumed Lys requirement. 
 In the Trp literature, all of the experimental diets were formulated to ensure that 
the EAA’s not being investigated were in adequate supply (i.e., at or slightly above the 
ratio requirement) to avoid potential co–limitations among the other AA in the diet. Of 
the reviewed studies, few utilized a suboptimal Lys level, and one experiment (Kendall et 
al., 2007) included the other EAA’s above the ideal AA pattern corresponding to the 
dietary Lys concentration (i.e., they were formulated to the Lys requirement). As there is 
only one study for comparison, it is difficult to evaluate the advantages/disadvantages of 
using this approach. 
 Therefore, the objective of these experiments was to evaluate the optimum SID 
Trp:Lys ratio in 20–50 kg pigs fed diets where the other EAA’s not under investigation 
(specifically Met+Cys, Arg, His, Ile, Leu, Thr, and Val) were formulated, on a ratio basis, 
to the presumed Lys requirement of these pigs (determined in Exp. 1).  
5.2. Materials and methods 
 These experiments were conducted under protocols approved by UK’s 
Institutional Animal Care and Use Committee. Pigs were brought into the growing–
finishing facility at approximately 18 to 20 kg body weight (BW), and immediately 
placed on a common corn–soybean meal diet, adequate in all nutrients for a minimum 
period of one week prior to allotment for all experiments. 
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5.2.1. Experiment 5 – Animals and treatments 
 Experiment 5 (Experiment ID: UK 0718) was conducted in October 2007 and 
utilized 96 crossbred pigs [Yorkshire x Landrace; (Yorkshire x Duroc) x Chester White; 
(Yorkshire x Landrace) x Duroc; (Yorkshire x Landrace x Duroc) x Chester White] with 
an initial BW of 32.48 ± 1.69 kg that were allotted to 6 SID Trp:Lys ratio treatments. The 
pigs were housed in 24 pens (2.73 m x 4.55 m), with concrete slats extending the length 
of each pen. Each pen was equipped with a single sided, two–hole, stainless steel feeder 
and 2 nipple waterers. The pigs were randomly allotted based on sex and initial BW in a 
randomized incomplete block design to 6 diets with 4 replicates of 4 pigs/pen (2 barrows, 
2 gilts). A post allotment evaluation was conducted to minimize potential genetic bias by 
switching pigs within an allotment outcome to avoid having pen mates from the same 
litter. Dietary treatments consisted of 6 increasing SID Trp:Lys ratios (12.98, 13.88, 
14.77, 17.94, 18.18, and 20.45%). 
5.2.2. Experiment 6 – Animals and treatments 
 Experiment 6 (Experiment ID: UK 0803) was conducted in April 2008 and 
utilized 120 crossbred pigs [Yorkshire x Duroc; (Yorkshire x Duroc) x Chester White; 
(Yorkshire x Landrace) x Duroc; (Yorkshire x Landrace x Duroc) x Chester White] with 
an initial BW of 24.13 ± 2.72 kg that were allotted to 6 SID Trp:Lys ratios treatments. 
The pigs were housed in 24 pens (2.73 m x 4.55 m), with concrete slats extending the 
length of each pen. Each pen was equipped with a single sided, two–hole, stainless steel 
feeder and 2 nipple waterers. The pigs were randomly allotted based on sex and initial 
BW in a randomized incomplete block design to 6 diets with 4 replicates of 5 pigs/pen. A 
post allotment evaluation was conducted to minimize potential genetic bias by switching 
pigs within an allotment outcome to avoid having pen mates from the same litter. Overall, 
two replicates contained 3 barrows and 2 gilts, while the remaining 2 replicates contained 
the inverse for a total of 120 pigs (60 barrows, 60 gilts). Dietary treatments consisted of 6 
increasing SID Trp:Lys ratios (13.08, 14.06, 15.04, 17.00, 18.95, and 20.91%). 
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5.2.3. Experimental diets 
 All raw materials were analyzed for total AA content by Evonik–Degussa (Hanau, 
Germany) prior to the experiment. The total AA analyses and the standardized digestible 
AA coefficients for all raw materials were used in final diet formulation (according to 
Evonik–Degussa’s standardized digestibility coefficients). Vitamins and minerals not 
being examined were formulated to meet or exceed NRC (1998) requirement estimates. 
An antioxidant (Santoquin® – ethoxyquin; Novus Intl. Inc., St. Louis, MO) and a broad–
spectrum antibiotic (Tylan–40® – Tylosin phosphate; Elanco, Inc., Greenfield, IN) were 
also added to the experimental diets. The experiments utilized the same diet mixing 
procedure used in Exp. 1, 2, 3, and 4; two basal diets were initially mixed and then 
blended in appropriate proportions to create the intermediate dietary treatments. A 
detailed explanation of this procedure is available in Appendix 1. 
 The diet composition in Exp. 5 was nearly identical to that of Exp. 3, based 
primarily on ground corn (79%), with Canadian field peas, soybean meal, and corn gluten 
meal included at 5% each. The basal diets were formulated to contain 0.66% SID Lys 
(0.76% total Lys), while the other EAA’s (except for Trp) were formulated on an ideal 
ratio basis using an SID Lys level of 0.803% (0.905% total Lys) which was the 
determined Lys requirement for the pigs at the University of Kentucky (Exp. 1). Dietary 
treatments consisted of 6 increasing SID Trp:Lys ratios (12.98, 13.88, 14.77, 17.94, 
18.18, and 20.45%; Table 5.1). Synthetic Trp (L–tryptophan, Evonik–Degussa, Hanau, 
Germany) was added at the expense of corn starch to create the high Trp:Lys ratio basal 
diet (Diet 6). The low and high–Trp:Lys ratio basal diets were calculated to contain 
14.01% and 14.06% CP (respectively) and 3,347 and 3,345 kcal/kg ME (respectively). 
A slightly different approach was used for the treatment structure in this 
experiment than in the previous studies as it contained 4 replicates of 6 unequally spaced 
treatments. The objective was to organize the treatments around the optimum SID 
Trp:Lys ratio determined from Exp. 3 and 4 (15.5%), with 3 treatments above and below 
this value. Diets 1 through 3 increased in increments of 12% up to an SID Trp:Lys of 
15.5%, while diets 4, 5, and 6 increased by 33, 21, and 22% above this value. Using this 
treatment structure, it was possible to evaluate the optimum SID Trp:Lys ratio with a 
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relatively wide range of treatments. Refer to Table A.1.5. in Appendix 1 for a detailed 
description of the blending procedure used in Exp. 5. The complete diet analysis for Exp. 
5 is displayed in Table A.2.5. in Appendix 2.  
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Table 5.1: Composition of the basal diets for Exp. 5 (%, as–fed basis) 
Ingredient Diet: Low Trp:Lys High Trp:Lys 
Corn, ground 79.715 79.715
Canadian field peas, ground 5.00 5.00
Soybean meal, 48% CP 5.00 5.00
Corn gluten meal, 60% CP 5.00 5.00
Corn starch1 0.50 0.45
AB–20 (clay) 0.50 0.50
Choice white grease 1.00 1.00
Salt 0.50 0.50
Dicalcium phosphate 1.20 1.20
Ground limestone 0.85 0.85
Trace–mineral premix2 0.075 0.075
Vitamin premix3 0.10 0.10
Tylan–404 0.05 0.05
Santoquin5 0.02 0.02
L–lysine 0.29 0.29
L–threonine 0.14 0.14
L–isoleucine 0.02 0.02
L–tryptophan 0.00 0.05
DL–methionine 0.04 0.04
Total: 100.00 100.00
Calculated nutrient profile6 
ME, kcal/kg 3,347 3,345
CP, % 14.01 (13.74) 14.06 (13.77) 
Total Lys, %6 0.7563 (0.70) 0.7563 (0.74) 
Total Trp, %6 0.1056 0.1551
Total Trp:Lys, % 0.1396 0.2051
SID Lys, % 0.6629 0.663
SID Trp, % 0.086 0.1355
SID Trp:Lys, % 0.1298 0.2045
Ca, % 0.62 0.62
P, % 0.52 0.52
Other essential AA 7 (SID) 
M+C, %  0.58 (0.51) 0.58 (0.51) 
Arg, % 0.74 (0.66) 0.74 (0.66) 
His, % 0.36 (0.31) 0.36 (0.31) 
Ile, % 0.58 (0.50) 0.58 (0.50) 
Leu, % 1.61 (1.45) 1.61 (1.45) 
Thr, % 0.63 (0.54) 0.63 (0.54) 
  Val, % 0.66 (0.56) 0.66 (0.56) 
1 L–tryptophan was added at the expense of corn starch to the high SID Trp:Lys ratio diet. 
2 Provided the following per kilogram of diet: Zn, 131 mg as ZnO; Fe, 131 mg as FeSO4·H2O; Mn, 45, mg as MnO; Cu, 13 mg as 
CuSO4·H2O; I, 1.5 mg as CaI2O6; Co, 0.23 mg as CoCO3; Se, 0.28 mg as NaSeO3. 
3 Provided the following per kilogram of diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; vitamin E, 44 IU; vitamin K (as menadione 
sodium bisulfite complex), 6.4 mg; thiamin, 4.0 mg; riboflavin, 8.8 mg; pyridoxine, 4.4 mg; vitamin B12, 33 µg; folic acid, 1.3 mg; 
niacin, 44 mg; pantothenic acid, 22 mg; D–biotin, 0.22 mg.  
4 Provided 88 g tylosin per kilogram of diet. 
5 Provided 130 mg ethoxyquin per kg of diet. 
6 Values for ME, Ca, and P were obtained from the feedstuff values listed in the NRC (1998); SID = standardized ileal digestibility 
basis. 
7 The following essential amino acids were formulated using an SID Lys of 0.803%, the Lys requirement determined in Exp. 1. 
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The diets for Exp. 6 (Table 5.2) were similar to Exp. 5, with minor reductions in 
the soybean meal (3%) and corn gluten meal (2.5%) inclusion, while Canadian field peas 
were increased to 10% of the diet. Again the diets included 0.66% SID Lys (0.76% total 
Lys), while the other EAA’s (except for Trp) were formulated using an SID Lys of 
0.803% (0.905% total Lys). Dietary treatments consisted of 6 SID Trp:Lys ratios (13.08, 
14.06, 15.04, 17.00, 18.95, and 20.91%). The low and high–Trp:Lys ratio basal diets 
were calculated to contain 12.00% and 12.05% CP (respectively) and 3,249 and 3,247 
kcal/kg ME (respectively). The treatment structure used in this experiment closely 
resembled that of Exp. 5, as Diets 1 through 3 increased by increments of 7.5, 12.5, and 
12.5% up to an SID Trp:Lys of 15.5%, while Diets 4 through 6 increased in increments 
of 25% above the predetermined optimum of 15.7% from Exp. 3 and 4. Refer to Table 
A.1.6. in Appendix 1 for a detailed description of the blending procedure used in Exp. 6. 
The complete diet analysis for Exp. 6 is displayed in Table A.2.6. in Appendix 2. 
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Table 5.2. Composition of the basal diets Exp. 6 (%, as–fed basis) 
Ingredient Diet: Low Trp:Lys High Trp:Lys 
Corn, ground 74.725 74.725 
Canadian field peas, ground 10.00 10.00
Soybean meal, 48% CP 3.00 3.00
Corn gluten meal, 60% CP 2.50 2.50
Corn starch1 2.00 1.95
AB–20 (clay) 0.50 0.50
Choice white grease 3.00 3.00
Sand 1.00 1.00
Salt 0.50 0.50
Dicalcium phosphate 1.35 1.35
Ground limestone 0.75 0.75
Trace–mineral premix2 0.075 0.075
Vitamin premix3 0.10 0.10
Tylan–404 0.05 0.05
Santoquin5 0.02 0.02
L–lysine 0.28 0.28
L–threonine 0.10 0.10
L–tryptophan 0.00 0.05
DL–methionine 0.05 0.05
Total: 100.00 100.00 
Calculated nutrient profile6 
ME, kcal.kg 3,249 3,247
CP, %7 12.00 (12.32) 12.05 (12.38) 
Total Lys, %8 0.7408 (0.715) 0.7408 (0.715) 
Total Trp, %8 0.1049 (0.10) 0.1544 (0.15) 
Total Trp:Lys, %8 0.1416 (0.1399) 0.2084 (0.2098) 
SID Lys, % 0.6554 0.6554  
SID Trp, % 0.0867 0.1362  
SID Trp:Lys, %9 0.1322 (0.1308) 0.2078 (0.2091) 
Ca, % 0.61 0.61
P, % 0.53 0.53
Other essential AA10 
M+C, %  0.45 (0.47) 0.45 (0.47) 
Arg, % 0.67 (0.69) 0.67 (0.69) 
His, % 0.31 (0.32) 0.31 (0.32) 
Ile, % 0.46 (0.43) 0.46 (0.43) 
Leu, % 1.35 (1.33) 1.35 (1.33) 
Thr, % 0.51 (0.51) 0.51 (0.51) 
  Val, % 0.57 (0.55) 0.57 (0.55) 
1 L–tryptophan was added at the expense of corn starch to the high SID Trp:Lys ratio diet. 
2 Provided the following per kilogram of diet: Zn, 131 mg as ZnO; Fe, 131 mg as FeSO4·H2O; Mn, 45, mg as MnO; Cu, 13 mg as 
CuSO4·H2O; I, 1.5 mg as CaI2O6; Co, 0.23 mg as CoCO3; Se, 0.28 mg as NaSeO3. 
3 Provided the following per kilogram of diet: vitamin A, 6,600 IU; vitamin D3, 880 IU; vitamin E, 44 IU; vitamin K (as menadione 
sodium bisulfite complex), 6.4 mg; thiamin, 4.0 mg; riboflavin, 8.8 mg; pyridoxine, 4.4 mg; vitamin B12, 33 µg; folic acid, 1.3 mg; 
niacin, 44 mg; pantothenic acid, 22 mg; D–biotin, 0.22 mg.  
4 Provided 88 g tylosin per kilogram of diet. 
5 Provided 130 mg ethoxyquin per kg of diet. 
6 Values for ME, Ca, and P were obtained from the feedstuff values listed in the NRC (1998); SID = standardized ileal digestibility 
basis. 
7 Analyzed values for CP are presented in parenthesis and are expressed as the percentage as–fed. 
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Table 5.2. continued 
8 Analyzed values for the amino acids are presented in parenthesis and are expressed as a percentage as–fed; Trp level based on a 
regression of analyzed values (thus, 0.10 for the low diet and 0.15 for the high diet) divided by the mean analyzed Lys (0.715%, 
mean of diets 1 and 6) for all 6 diets. 
9 The total Trp:Lys ratios based on the analyzed values were different from that of the ratio based on calculated amino acid values. 
Thus computed ratio in parenthesis is the original calculated ratio reduced by the same percentage as the analyzed total ratio is 
reduced from the calculated total ratio (e.g., 0.1322 x [0.1399/1416] = 0.1308). 
10 The following essential amino acids were formulated using an SID Lys of 0.803%, the Lys requirement determined in Exp. 1. 
5.2.4. Data collection 
 Pig weights and feed intake were measured weekly for determination of growth 
performance. Blood samples were collected via jugular venipuncture using a 10 mL 
syringe and then placed in a 7–10 mL capacity evacuated blood–collection tubes 
containing sodium heparin (Becton Dickinson Vacutainer System, Rutherford, NJ). On 
the morning of scheduled blood collection, all pigs were awaken at 0700, and blood 
collection commenced at 0845 in a manner that completed the replicates sequentially 
with a random dietary treatment order within each replicate. The procedure was 
completed by 1100 at the latest. This meant that each pen took about 5 to 6 minutes 
which equates to 30 to 36 minutes per replicate. This amount of time was deemed to be a 
narrow window within replicate with regard to potential changes in absorption and 
metabolism of meal constituents. Immediately following collection, blood samples were 
stored on ice for approximately 1 to 2 hours, and plasma samples were obtained by 
centrifugation (20 min at 1,200 x g, 4º C). Following centrifugation, plasma was 
harvested, divided into 1 mL aliquots, and stored at –20º C until being sent to the USDA 
laboratory of Dr. Brian Kerr in Ames, IA for determination of PUN metabolite 
concentrations (refer to Appendix 3 for procedure). 
5.2.5. Statistical analysis 
 Prior to analyses of variance, the growth performance was evaluated to identify 
any statistical outliers within individual pens. First, the pens displaying intrapen CV 
values higher than 25% for ADG were identified for further examination. Then individual 
pig performances within the selected pens were evaluated to identify the pig most 
divergent from its pen mates. This performance was then compared with littermates on 
other treatments in the experiment to determine whether the observed abnormalities were 
simply a genetic response. The suspected outliers were also compared to the performance 
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of other pigs in other pens on that same dietary treatment. In the majority of evaluations, 
the pig was not removed from the data set; in a few instances it was decided that removal 
of the selected pigs from the study was appropriate. The feed intake of the remaining pigs 
within those pens was estimated using the model developed by Lindemann and Kim 
(2007). 
 The experimental data was then analyzed using the generalized linear model (Proc 
GLM) procedure of SAS® (SAS Inst. Inc., Cary, NC). The pen of pigs was the 
experimental unit. The statistical model included treatment and replicate. Appropriate 
coefficients for determination of the single degree of freedom contrasts for linear and 
quadratic responses across the dietary treatments were computed using the interactive 
matrix language procedure (Proc IML). The results were also subjected to linear broken–
line regression analysis (Robbins et al., 2006), where the identified breakpoint 
represented the estimated optimum Trp:Lys ratio. Although it was not the primary 
approach used for determination of the optimum Trp:Lys ratio, the results were also 
subjected to quadratic broken–line analysis to facilitate comparison with sources in the 
literature that utilized curvilinear or exponential statistical models to determine their 
requirements.  
5.3. Results 
5.3.1. Experiment 5 results 
 The results for Exp. 5 are shown in Table. 5.3 (weekly performance data given in 
Table A.4.5). As SID Trp:Lys ratios increased, ADG increased linearly (P < 0.01) and 
quadratically (P = 0.037). The response appears to plateau at 14.77% and 17.24%, but 
then increases slightly again beyond 17.24% (Figure 5.1). Application of linear broken–
line analysis yielded an optimum SID Trp:Lys ratio of 15.11% (P < 0.001) for ADG 
(Figure 5.2). The PUN response was less revealing as there was no significant response to 
the dietary treatments (Figure 5.3); application of the broken–line procedure was not 
appropriate for the PUN response. Average daily feed intake was also not affected by the 
dietary treatments in this experiment (Figure 5.4), and as a result, feed:gain decreased 
linearly due to the strong influence by the ADG response (Figure 5.5). The figure for the 
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linear broken–line analysis for the feed:gain response is listed in Table A.6.9. in 
Appendix 6.)Table A.6.9. in Appendix 6 lists the linear broken–line analysi 
 As ADG and feed:gain provided the only significant responses, and because of 
discrepancies regarding experimental diet analysis, the decision was made to repeat this 
experiment (Exp. 6). 
Table 5.3. Exp. 5. Growth performance of growing pigs fed increasing SID Trp:Lys 
ratios1 
  SID Trp:Lys PSEM P–values Parameter 12.98% 13.88% 14.77% 17.24% 18.81% 20.45% Linear Quad. 
ADG, kg/d 0.57 0.68 0.74 0.74 0.79 0.82 0.022 <.001 0.037 
ADFI, kg/d 1.76 1.96 1.88 1.84 1.92 1.79 0.087 0.892 0.320 
Feed:gain 3.11 2.90 2.58 2.48 2.43 2.17 0.152 <.001 0.407 
PUN, mg/dL 10.91 9.93 10.19 9.89 10.46 10.30 0.349 0.699 0.158 
 1Represents the least squares means of 4 pens per treatment with 4 pigs/pen for the 21–d experiment. 
 
 
Figure 5.1. Exp. 5. ADG response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P < 0.001; Quadratic: P = 0.037). 
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Figure 5.2. Exp. 5. Linear broken–line analysis of the ADG response to increasing SID 
Trp:Lys ratios fed to growing pigs. The optimum SID Trp:Lys ratio (breakpoint of the 
two straight lines) was 0.1511 (P < 0.001). 
 
 
Figure 5.3. Exp. 5. PUN response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P = 0.699; Quadratic: P = 0.158). 
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Figure 5.4. Exp. 5. ADFI response from feeding increasing SID Trp:Lys ratios to 
growing pigs (Linear: P = 0.892; Quadratic: P = 0.320). 
 
 
Figure 5.5. Exp. 5. Feed:gain response from feeding increasing SID Trp:Lys ratios to 
growing pigs (Linear: P < 0.001; Quadratic: P = 0.407). 
5.3.2. Experiment 6 results 
 The results for Exp. 6 are shown in Table 5.4 (weekly performance data given in 
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because of health–related issues or non–normal growth performance results (detailed in 
Appendix 5, Table A.5.9.).  
 Repeating the previous study (Exp. 5) yielded a clear response to the Trp 
supplementation. As SID Trp:Lys ratios increased, ADG increased linearly (P < 0.001) 
and quadratically (P = 0.004; Figure 5.6). Linear broken–line analysis revealed an 
optimum SID Trp:Lys ratio for ADG of 17.93% (P < 0.001; Figure 5.7). Plasma urea N 
concentrations decreased linearly (P = 0.011) and quadradically (P = 0.015) as SID 
Trp:Lys ratios increased (Figure 5.8), while linear broken–line analysis revealed a 
breakpoint of 16.17% (P = 0.009; Figure 5.9). Average daily feed intake and feed:gain 
also improved with significant linear and quadratic P–values (Figure 5.10, and 5.11 
respectively). The figures for the linear broken–line analysis for the ADFI and feed:gain 
responses are listed in Tables A.6.11. and A.6.12. in Appendix 6. 
 The mean of the determined optima for ADG and PUN from linear broken–line 
analysis yielded an optimum SID Trp:Lys ratio of 17.05% for Exp. 6, which equates to 
17.54% on a total AA basis. 
Table 5.4. Exp. 6. growth performance of growing pigs fed increasing SID Trp:Lys 
ratios1 
  SID Trp:Lys PSEM P–values Parameter 13.08% 14.06% 15.04% 17.00% 18.95% 20.91% Linear Quad. 
ADG, kg/d 0.43 0.48 0.56 0.71 0.77 0.79 0.025 <.001 0.004 
ADFI, kg/d 1.14 1.25 1.32 1.58 1.64 1.72 0.049 <.001 0.044 
Feed:gain 2.69 2.64 2.37 2.22 2.14 2.18 0.080  <.001 0.016 
PUN, mg/dL 10.62 9.51 8.83 7.93 8.08 8.63 0.556 0.011 0.015 
 1Represents the least squares means of 4 pens per treatment with 5 pigs/pen for the 21–d experiment. 
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Figure 5.6. Exp. 6. ADG response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P < 0.001; Quadratic: P = 0.004). 
 
 
Figure 5.7. Exp. 6. Linear broken–line analysis of the ADG response to increasing SID 
Trp:Lys ratios fed to growing pigs. The optimum SID Trp:Lys (breakpoint of the two 
linear lines) was 0.1793 (P < 0.001). 
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Figure 5.8. Exp. 6. PUN response from feeding increasing SID Trp:Lys ratios to growing 
pigs (Linear: P = 0.011; Quadratic: P = 0.015). 
 
 
Figure 5.9. Exp. 6. Linear broken–line analysis of the PUN response to increasing SID 
Trp:Lys fed to growing pigs. The optimum SID Trp:Lys (breakpoint of the two straight 
lines) was 0.1617 for PUN (P = 0.009). 
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Figure 5.10. Exp. 6. ADFI response from feeding increasing SID Trp:Lys ratios to 
growing pigs (Linear: P < 0.001; Quadratic: P = 0.044). 
 
 
Figure 5.11. Exp. 6. Feed:gain response from feeding increasing SID Trp:Lys ratios to 
growing pigs (P < 0.001; Quadratic: P = 0.016). 
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5.4. Discussion 
 The purpose of these experiments was to address concerns regarding potential co–
limitations with the other dietary EAA (specifically Met+Cys, Arg, His, Ile, Leu, Thr, 
and Val) in Trp:Lys ratio requirement studies utilizing suboptimal dietary Lys levels.
 Experiment 5 was conducted in October 2007, and as a result new batches of corn 
and soybean were available for use in this experiment. However, analysis of these 
feedstuffs by the Evonik–Degussa laboratory (Hanau, Germany) was not possible 
because of time constraints regarding the upcoming group of available pigs, feedstuff 
samples were analyzed at the University of Missouri, and these values were used in diet 
formulation. The experimental diets were sampled at mixing and subsamples were sent 
(to the Evonik–Degussa laboratory) to be analyzed for total AA content (feedstuff 
samples were also included in the shipment for comparison with the values obtained from 
the University of Missouri). The resulting analysis included values for all of the dietary 
EAA except for Trp, therefore a second set of diet samples were analyzed. Unfortunately, 
the samples were lost after leaving the University of Kentucky laboratory and analyzed 
values could not be attained for Exp. 5.  Therefore any discrepancies between formulated 
and analyzed nutrient values could not be evaluated, and the decision was made to use the 
formulated values in the analysis of the experimental data.  
 The shape of the ADG response curve displayed a clear initial response to Trp 
supplementation as ADG increased to Diet 3 (SID Trp:Lys = 14.77%), where the 
response was sustained through Diet 4 (SID Trp:Lys = 17.24%). After Diet 4 however, 
ADG increased again steadily, yielding the greatest performance at an SID Trp:Lys ratio 
of 20.45%. Application of linear broken–line analysis revealed an optimum SID Trp:Lys 
ratio of 15.11% (P < 0.001), a point that lies slightly below that of the previous studies 
(Exp. 3, 4). In Exp. 3 and 4 the response to Trp supplementation was quite clear as ADG 
and ADFI increased, while PUN concentrations decreased. However, the lack of a clear 
response in the PUN and ADFI results in this experiment indicated that additional 
sources of variation may exist.    
 It has been well documented (and also supported by the previous experiments) 
that Trp supplementation stimulates feed intake in pigs through its key role as the 
100 
 
precursor for serotonin which is involved in the central regulation of feed intake (Wolf, 
1974; Sève et al., 1991; Henry et al., 1992; Sainio et al., 1996; Sève, 1999; Kerr et al., 
2002; Le Floc’h and Sève, 2007). However, feed intake results can sometimes vary due 
to excessive feed wastage which is often difficult to account for; it is for this reason that 
ADFI was not chosen as a primary response variable in these experiments. With this in 
mind, the ADFI data gives little insight as to any potential issues affecting the growth 
performance response curve. Plasma urea N concentrations however, directly respond to 
changes in the AA concentration of the experimental diets (Coma et al, 1995; Guzik et al, 
2005a). Based on the previous studies (Exp. 3, 4), PUN concentrations should decrease as 
the optimum Trp:Lys ratio is approached, where the lowest point of the response curve 
indicates maximum N utilization. The variations in the PUN response suggest that there 
may be limiting factors other than Trp which could have negatively affected the response. 
Since the PUN response was unclear and because the actual Trp content of the 
experimental diets was unknown, the decision was made to repeat the experiment under 
similar conditions.  
 The results for Exp. 6 displayed a clear response to the increasing SID Trp:Lys 
ratios in the diets.  Analysis of the experimental diets confirmed the initial formulations, 
with the exception of the dietary Lys level which was slightly lower than anticipated 
(0.74 vs. 0.72). The ADG and PUN response curves in this experiment closely resemble 
the response observed in Exp. 3 and 4, as the tested Trp:Lys ratios covered the range of 
deficiency, adequacy, and surplus. Average daily gain increased linearly (P < 0.001) and 
quadratically (P = 0.004) as SID Trp:Lys ratios increased. The response appears to taper 
after an SID Trp:Lys ratio of 17.00%, although maximum response was achieved at the 
highest Trp:Lys ratio (SID Trp:Lys: 20.91%). It is hypothesized that the additional 
weight gain beyond and SID Trp:Lys ratio of 17% may have attributed somewhat to fat– 
rather than protein–deposition,  as the rate of increase is subtle. The ADG response was 
supported by the shape of the PUN response curve, which indicated that maximum 
Trp:Lys utilization occurred at a break point of 16.17% SID Trp:Lys (P = 0.009). Linear 
broken–line analysis revealed optima of 17.93% (P < 0.001) for ADG, and 16.17% (P = 
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0.009) for PUN. Averaging these values corresponded to an optimum SID Trp:Lys ratio 
estimate of 17.05% (17.54% total Trp:Lys) for Exp. 6.  
 Application of the quadratic function of broken–line analysis to the response data 
revealed optimum SID Trp:Lys ratios (asymptote of the quadratic curve) of  21.14% (P < 
0.001) for ADG, and 16.95% (P = 0.004) for PUN (Figures A.6.13. and A.6.14. in 
Appendix 6). Averaging these values corresponded to an optimum SID Trp:Lys ratio of 
19.05% (19.32% total Trp:Lys) based on quadratic broken–line analysis.  
 Initial comparison of the response data from Exp. 5 and 6 revealed similarities 
despite any initial reservations regarding the Exp. 5 data. The 21–d ADG and PUN 
responses for Exp. 5 and 6 are plotted in Figure 5.12. and 5.13.; comparison of these 
responses revealed similarities between Diets 4, 5, and 6. This is very interesting as the 
ADFI results were considerably different (Figure 5.14.). It is unclear why feed intake (FI) 
did not display the expected response to Trp supplementation in Exp. 5, but it is possible 
that this variation may account for the differences in the ADG and PUN responses when 
compared to the other experiments. It may also be important to consider that Exp. 5 
utilized 4 pigs/pen (versus 5 pigs/pen in Exp. 6) which may have affected competition at 
the feeder.  Nonetheless, it is difficult to argue the potential of major variations in the 
dietary Trp content in Exp. 5 as the ADG results are almost identical for Diets 4, 5, and 6.  
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Figure 5.12. Exp. 5. and Exp. 6. ADG responses to feeding increasing SID Trp:Lys ratios 
to growing pigs. 
 
 
Figure 5.13. Exp. 5. and Exp. 6. PUN responses to feeding increasing SID Trp:Lys ratios 
to growing pigs. 
 
Figure 5.14. Exp. 5. and Exp. 6. ADFI responses to feeding increasing SID Trp:Lys ratios 
to growing pigs. 
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 In the literature, only one source utilized experimental methodology similar to 
that used in Exp. 5 and 6 (Kendall et al., 2007). The majority of the reviewed publications 
note (in some fashion) that all EAA were formulated to meet or exceed the requirements 
of the pig, implying the importance of avoiding potential co–limitations with other EAA.  
 Kendall et al. (2007), evaluated SID Trp:Lys ratios in late–finishing pigs (90–125 
kg BW) fed typical corn and soybean meal based diets. In this publication, AA in the 
experimental diets were formulated to meet the minimum AA ratio requirements 
according to the ideal AA pattern described by Chung and Baker (1992a). The dietary 
Lys level was set at 0.55%, which was considered marginally deficient for optimum 
performance. It was clearly stated by the authors that the EAA not under investigation 
were supplemented to an ideal AA:Lys ratio. The EAA were included at levels that 
corresponded to the Lys requirement of 0.60% (Kendall et al., 2001), which was higher 
than the included dietary Lys of 0.55%. This publication reported combined results of 3 
experiments that encompassed 14 SID Trp:Lys ratios ranging from 10.9% to 29.0%. The 
data was subjected to linear and quadratic broken–line analysis (Robbins et al., 2006), 
and the optima from both approaches (the breakpoint and asymptote of the quadratic 
curve) were used as the lower and upper values in a recommended range of optimal 
Trp:Lys ratios for finishing pigs. They reported that the optimal SID Trp:Lys ratio for 
finishing pigs was between 14.5 and 17.0%.  
 When expressed in a similar fashion, the range of optimum SID Trp:Lys ratios 
(based on the averages from the ADG and PUN results) for Exp. 6 would be between 
17.05% and 19.05%, which is higher than designated by Kendall et al. (2007). Several 
factors may have contributed to the differences between these 2 studies. Regarding the 
pigs used in the experiments, a key difference was that Exp. 6 utilized 20 to 50 kg pigs 
(split sex), while Kendall et al. (2007) utilized 90 to 125 kg barrows. The difference in 
BW may have made a slight contribution to observed differences, but it is likely that the 
sex of the pigs used in these experiments may have had a greater impact. It has been 
established that barrows are less sensitive to dietary Trp concentrations than gilts, as gilts 
generally exhibit a greater reduction in feed intake when fed Trp–deficient diets than 
barrows (Henry et al., 1992; Henry et al., 1995). As Kendall et al. (2007) utilized only 
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barrows, this may explain why the response to Trp was relatively lower than observed in 
Exp. 6 (which utilized both barrows and gilts).  
 The optimum SID Trp:Lys ratio of 17.05% (17.54% total Trp:Lys) from Exp. 6 is 
slightly lower than the estimate of 18% by Wang and Fuller (1989), Chung and Baker 
(1992a) and the calculated ratio from the NRC (1998). However, it strongly agrees with 
the estimate of 17.0% proposed by Susenbeth (2006) in a recent review of the Trp:Lys 
literature. Although the analyzed Trp values were not available for Exp. 5 diets, it is clear 
from the ADG responses that it can be assumed they should be quite similar to those in 
Exp. 6, however, doubt arises once again when comparing the PUN responses. The 
determined optima from Exp. 3 and 4 (15.29 and 15.64% SID Trp:Lys) were slightly 
below the determined optimum SID Trp:Lys of 17.05% from Exp. 6, indicating that the 
SID Trp:Lys ratio may be slightly higher when other the EAA’s are formulated to an 
ideal protein. 
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CHAPTER 6. General discussion 
 The research presented in this thesis was conducted to evaluate the optimum SID 
Trp:Lys ratio of growing pigs (20 to 50 kg) under different conditions. It is quite clear 
that the Trp requirement of pigs has been researched quite extensively over the years, 
however the considerable amount of variation that exists among the published values has 
sparked controversy regarding the optimum Trp:Lys ratio (addressed in Chapter 3). In 
addition, there has been speculation regarding the optimum Trp:Lys ratio for pigs fed 
non–U.S.–type diets (consisting of barley, peas, and wheat), suggesting that the actual 
requirement may be above the requirement estimates calculated from the NRC (1998; 
addressed in Chapter 4). Finally, in Trp:Lys ratio studies, dietary Lys must be included at 
a suboptimal level, and concern has been expressed that co–limitations with the other 
EAA  may arise when they are formulated to a suboptimal Lys level (addressed in 
Chapter 5).  
 In reviewing the Trp:Lys ratio literature, it became clear that there was an 
underlying fundamental question that needed to be addressed:  “What is the proper design 
for an AA ratio/requirement study?” The considerable amount of variation that exists 
among the published values in the literature appears to be somewhat related to this 
fundamental question.  Susenbeth (2006) in his review indicates that factors such as BW, 
growth rate, and year of publication (as an indicator of genetic improvement) did not 
affect the optimum Trp:Lys ratio in the literature. Therefore the remaining potential 
contributors to this variation deal with experimental and analytical design.  
 The successful responses from the experiments in this thesis have prompted a list 
of 5 factors that should be considered when conducting an AA ratio/requirement study. 
First, accurate identification of the Lys requirement of the pigs slated to be used on trial. 
This is very important as overfeeding Lys may result in an overall underestimation of the 
optimum AA:Lys ratio (Susenbeth, 2006). Feeding a suboptimal dietary Lys level (e.g. 
90% of the requirement) should ensure that the determined optimum AA:Lys ratio will 
correspond to maximum utilization of both the AA in question and Lys (Van 
Cauwenberghe and Relandeau, 2000). Secondly, the inclusion of an appropriate number 
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of dietary treatments (n > 5) with acceptable treatment spacing is very important. The 
treatment structure should cover the ranges of deficiency, adequacy, and surplus to enable 
accurate determination of the optimum intake level (Susenbeth, 2006). Third, one should 
utilize a mixing procedure that minimizes variation across dietary treatments. The 
blending procedures used in the experiments in this thesis reduced the amount of 
ingredient weighing required for diet mixing, which in turn resulted in lower diet–to–diet 
variation (confirmed by laboratory analysis) and, when analytical values appeared 
different than formulated, it allowed for elimination of some potential sources of error. 
Fourth, selection of appropriate response criterion. Most experiments have measured 
daily gain and feed intake, while fewer have measured PUN or plasma AA metabolite 
concentrations. It is important to recognize the variation that each response criterion is 
susceptible to and to consider this information when selecting the primary responses to be 
recorded. Without any direct measures of lean deposition, PUN values would be the best 
indicator of N metabolic status. Fifth, standardization of statistical analysis procedures. It 
is noted in Chapters 2, 3, 4, and 5 that the statistical method chosen to evaluate the 
experimental data directly affects the reported optimum AA:Lys ratio. The optima 
determined using linear broken–line analysis (linear–plateau) generally select breakpoints 
below the optima that have been determined using either quadratic broken–line or 
curvilinear approaches. There is no clear–cut answer as to which approach is the best for 
estimating the requirement in AA ratio studies, as the chosen approach relies solely on 
the philosophy of the author(s) involved. If an agreement among the nutritional 
community cannot be reached as to which approach should be used, the results from both 
approaches should be indicated in the resulting publication so that the reviewer has a 
choice of which value to believe. Consistency is the key issue here, and if there was 
overall acceptance of a particular set of guidelines regarding the proper design of AA 
ratio/requirement studies, it is likely that comparison of the results among future studies 
may be made much easier. 
 In the evaluation of the optimum SID Trp:Lys ratio in U.S.–type diets (Chapter 
3), growing pigs responded very well to the dietary treatments, displaying an optimum 
SID Trp:Lys ratio of 15.29% (16.66% total Trp:Lys) based on the mean of the 
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determined optima’s for ADG and PUN from linear broken–line analysis. Although they 
were not primary responses, the shape of the ADFI and feed:gain response curves 
supported the estimated optimum of 15.29%. An optimum SID Trp:Lys ratio of 15.29% 
is lower than the estimates of Wang and Fuller (1989), Chung and Baker (1992a), and the 
calculated ratio from the NRC (1998), but is in agreement with the estimate of Trp:Lys 
ratio of 17.0% calculated in the review by Susenbeth (2006). Most recently, these results 
are in agreement with Kendall et al. (2007) who in their study with late finishing pigs 
suggested that the optimum SID Trp:Lys ratio lies between 14.5% and 17.0%.  
 In Chapter 4, SID Trp:Lys ratios were evaluated in non–U.S.–type diets consisted 
primarily of Canadian field peas, barley, corn, and wheat. The optimum SID Trp:Lys 
ratio was estimated to be 15.64% (16.48% total Trp:Lys) based on the mean of the 
optima’s for ADG and PUN from linear broken–line analysis. Several publications have 
suggested that optimum SID Trp:Lys ratios well above 20% are required for nursery pigs 
fed non–U.S.–type diets (Jansman et al., 2000; Lynch et al., 2000; Pluske and Mullan, 
2000; Guzik et al., 2005b; Jansman and Van Deipen, 2005). It should be noted that the 
optimum Trp:Lys ratios from Jansman and Van Diepen (2005) were determined using the 
curvilinear method (asymptote of the quadratic curve), and that fitting the linear broken–
line approach to the date revealed optima near the calculated Trp:Lys ratio of 18% from 
the NRC (1998). In comparison to the results from Chapter 3, it is clear that there was 
very little difference in the optimum SID Trp:Lys ratios for pigs fed U.S.–type diets 
(15.29%) and non–U.S.–type diets (15.64%). 
 In Chapter 5, SID Trp:Lys ratios were evaluated in diets that were formulated to 
contain levels of the remaining EAA in an ideal EAA:Lys pattern formulated to the 
presumed Lys requirement of the pigs. Experiment 5 displayed an optimum SID Trp:Lys 
ratio of 15.11% based solely on ADG as there was not a significant response to PUN. 
Diet analysis was not available for Exp. 5, and variation in the responses other that ADG 
prompted a repeat of the experiment. Experiment 6 displayed an optimum SID Trp:Lys 
ratio of 17.05% (17.54% total Trp:Lys) based on the mean of the optima’s for ADG and 
PUN from linear broken–line analysis. This value is higher than those determined in Exp. 
3 (15.29% SID Trp:Lys) and Exp. 4 (15.64% SID Trp:Lys), both of which formulated the 
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other EAA on an ideal EAA:Lys pattern to the (suboptimal) dietary Lys level. In Exp. 6, 
it appeared that the optimum Trp:Lys ratio had been met as Diet 4 (17.00% SID Trp:Lys) 
was approached. Although, initial examination of the data suggested that co–limitations 
with one or more of the other EAA may have arisen in the previous experiments since the 
optimum Trp:Lys ratio was higher for Exp. 6 (17.05 vs. 15.46% for Exp. 3 and 4 
(average)). It should be noted however that Exp. 5 and 6 did not utilize equal treatment 
spacing, specifically between Diets 3 and 4. The diet structures were designed as such 
because it was assumed that the optimum Trp:Lys ratios from Exp. 3 and 4 (average 
value = 15.46%) would reside between these two diets. Considering the breakpoint from 
Exp. 5 (15.11% SID Trp:Lys), it appeared that the actual optimum SID Trp:Lys ratio for 
Exp. 6 may in fact have been lower than the determined optimum of 17.05%, and that the 
structure of the treatments may have affected the objectively selected breakpoint by 
broken–line analysis.  
 Table 6.1 displays the optimum SID Trp:Lys ratios from the three successful 
experiments described in this thesis, displaying the optima from both linear and quadratic 
broken–line analysis (SID and total AA basis). Overall, based on the linear broken–line 
analysis results from Exp. 3, 4, and 6, it is estimated that the optimum SID Trp:Lys ratio 
for growing pigs lies between 15.29% and 17.05 which equates to a range of 16.66–
17.54% on a total AA basis.  
Table 6.1. List of the optimum Trp:Lys ratios as determined by linear and 
quadratic broken–line analysis for Exp. 3, 4, and 61  
SID Total 
Experiment Linear Quadratic Linear Quadratic 
3 0.1529 0.1649 0.1666 0.1773 
4 0.1564 0.1632 0.1648 0.1704 
6 0.1705 0.1905 0.1754 0.1932 
1The values below represent the mean of the optimum ADG and PUN responses from each experiment. 
 Based on the results from Chapter 5, it appears that little benefit is gained by 
formulating the remained EAA in the experimental diets to the Lys requirement instead 
of the included (suboptimal) dietary Lys level. Figure 6.1. displays the 21–d ADG results 
for Experiments 3, 4, 5, and 6. It appears that the estimated range of 15.29 to 17.05% for 
the optimum SID Trp:Lys ratio provides satisfactory explanation for the experiments 
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presented in this thesis. The estimated range agrees well with the Trp:Lys ratio of 18% 
reported Wang and Fuller (1989) and Chung and Baker (1992a), as well as with the 
calculated ratio from the NRC (1998). The upper limit of this range also agrees well with 
an optimum Trp:Lys ratio of 17% reported in a recent review of the Trp:Lys literature 
(Susenbeth, 2006). As indicated by Kendall et al. (2007), the data presented in this thesis 
does not suggest major changes from these approximations, merely a slight downward 
revision of the SID Trp:Lys ratio requirements for growing pigs.   
 
Figure 6.1. Exp. 3, Exp. 4, and Exp. 6, ADG responses to feeding increasing SID Trp:Lys 
ratios to growing pigs. 
 In the current age of high corn prices, aggressive synthetic AA usage and 
inclusion of alternative (lower–quality) feedstuffs in swine diets has become standard 
practice in order to maximize least–cost feed formulation. It is very important that the 
Trp:Lys ratio requirement (as well as the other EAA:Lys requirements) be well defined 
because of the high price of synthetic AA. Promoting efficiency in this manner becomes 
valuable from both an environmental and economic point of view. With specific regard to 
the Trp:Lys ratio, a value between 15.29% and 17.05% (SID basis), irrespective of the 
feed ingredients used, is appropriate to accomplish this efficiency. 
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Appendices 
Appendix 1. Experimental diet mixing procedure. 
All experiments presented in this thesis utilized the same diet mixing procedure. 
This method was intended to reduce diet–to–diet variation related to weighing errors in 
diet mixing or potential variation of the ingredients within a bin. Large quantities of the 
low ratio basal diet and the high ratio basal diet were initially mixed at the University of 
Kentucky feed mill in a 2,000–kg capacity vertical mixer and sacked out into bags. 
Intermediate treatments were created by blending the appropriate proportions of the low 
and high basal diets in a 1,000–kg capacity horizontal mixer to create the desired SID 
Trp:Lys ratios. Because the required volume of each individual basal diet exceeded the 
capacity of the vertical mixer, each basal diet was mixed in 2 successive batches (2 low–
ratio basals, followed by the 2 high–ratio basals). Each batch was equally represented in 
the proportions designated for each diet (e.g., if diet 3 required 50% of the low–ratio 
basal diet, 25% came from each of the 2 low–ratio batches). Once the low–ratio basal diet 
was completely mixed and the proportions allotted to each intermediate diet, the two 
proportions set aside for the low–ratio diet were added back into the vertical mixer to be 
blended and then bagged (the same procedure was also utilized for the high–ratio diet). 
The final treatment diets were progressively sampled during the bagging process (and the 
samples subsequently composited) to ensure that an accurate representative sample was 
collected. Tables A.1.1 – A.1.6 display the blending used in each of the six experiments. 
 
Table A.1.1. Basal diet percentages blended to create the treatment diets used in Exp. 1. 
Basal diets1
 Diet No. Low Lys (0.803) High Lys (1.107) Resulting Lys, %
1 100% 0% 0.803
2 76.25% 23.75% 0.875
3 57.50% 42.50% 0.932
4 42.50% 57.50% 0.978
5 23.75% 76.25% 1.035
6 0% 100% 1.107
1Represents the percent contribution of the low and high basal diet to each final experimental diet. 
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Table A.1.2. Basal diet percentages blended to create the treatment diets used in Exp. 2. 
Basal diets1
 Diet No. Low Trp:Lys (0.1359) High Trp:Lys (0.2037)
Resulting Trp:Lys Ratio, 
% 
1 100% 0% 0.1359
2 75.0% 25.0% 0.1528
3 50.0% 50.0% 0.1697
4 25.0% 75.0% 0.1867
5 0% 100% 0.2037
1Represents the percent contribution of the low and high basal diet to each final experimental diet. 
 
Table A.1.3. Basal diet percentages blended to create the treatment diets used in Exp. 3. 
Basal diets1
 Diet No. Low Trp:Lys (0.1197) High Trp:Lys (0.1811)
Resulting Trp:Lys Ratio, 
% 
1 100% 0% 0.1197
2 75.0% 25.0% 0.1350
3 50.0% 50.0% 0.1504
4 25.0% 75.0% 0.1657
5 0% 100% 0.1811
1Represents the percent contribution of the low and high basal diet to each final experimental diet. 
 
Table A.1.4. Basal diet percentages blended to create the treatment diets used in Exp. 4. 
Basal diets1
 Diet No. Low Trp:Lys (0.1305) High Trp:Lys (0.1811)
Resulting Trp:Lys Ratio, 
% 
1 100% 0% 0.1305
2 75.0% 25.0% 0.1432
3 50.0% 50.0% 0.1558
4 25.0% 75.0% 0.1685
5 0% 100% 0.1811
1Represents the percent contribution of the low and high basal diet to each final experimental diet. 
 
Table A.1.5. Basal diet percentages blended to create the treatment diets used in Exp. 5. 
Basal diets1
 Diet No. Low Trp:Lys (0.1298) High Trp:Lys (0.2045)
Resulting Trp:Lys Ratio, 
% 
1 100% 0% 0.1298
2 88.00% 12.00% 0.1388
3 76.00% 24.00% 0.1477
4 43.00% 57.00% 0.1724
5 22.00% 78.00% 0.1881
6 0% 100% 0.2045
1Represents the percent contribution of the low and high basal diet to each final experimental diet. 
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Table A.1.6. Basal diet percentages blended to create the treatment diets used in Exp. 6 
Basal diets1
 Diet No. Low Trp:Lys (0.1298) High Trp:Lys (0.2045)
Resulting Trp:Lys Ratio, 
% 
1 100% 0% 0.1308
2 87.5% 12.5% 0.1406
3 75.0% 25.0% 0.1504
4 50.0% 50.0% 0.1700
5 25.0% 75.0% 0.1895
6 0% 100% 0.2091
1Represents the percent contribution of the low and high basal diet to each final experimental diet. 
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Appendix 2. Experimental diet analysis. 
 The experimental diets were progressively sampled during the bagging process. 
Approximately 200 g subsamples of each experimental diet were sent to Dr. Robert 
Payne (Evonik–Degusaa Corp., Kennesaw, GA) where they were forwarded to a 
laboratory in Hanau, Germany for individual AA analysis. The same laboratory was used 
for analysis of all feedstuffs and experimental diets throughout all 6 experiments. The 
analyzed results produced the total AA content (%, as–is) and were expressed using 2 
significant digits. 
 Because only 2 basal diets were initially mixed and then blended to create the 
individual diets (versus 5–6 individually mixed diets), the spacing of the analyzed values 
should be similar to the spacing of the blending ratios. Weighing mistakes are obviated 
and any deviations from expectations must be the result of sampling error or analytical 
error.  
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Table A.2.1. Analysis of the feedstuffs used in Exp.  2, 3, 4, 5, and 61  
  
CP, % 
                        
Exp. 
No. Ingredient Lys Met Cys M+C Arg His Ile Leu Phe Thr Trp Val 
2 
Corn, ground 7.80 0.25 0.16 0.17 0.33 0.38 0.22 0.26 0.89 0.37 0.28 0.06 0.36 
Soybean meal, 48% CP 49.44 3.04 0.66 0.74 1.40 3.66 1.33 2.23 3.73 2.52 1.92 0.67 2.35 
Canadian field peas, ground 22.19 1.56 0.20 0.32 0.52 1.82 0.54 0.89 1.60 1.06 0.80 0.20 1.01 
3 
Corn, ground 7.80 0.25 0.16 0.17 0.33 0.38 0.22 0.26 0.89 0.37 0.28 0.06 0.36 
Soybean meal, 48% CP 49.44 3.04 0.66 0.74 1.40 3.66 1.33 2.23 3.73 2.52 1.92 0.67 2.35 
Canadian field peas, ground 22.19 1.56 0.20 0.32 0.52 1.82 0.54 0.89 1.60 1.06 0.80 0.20 1.01 
Corn gluten meal, 60% CP 59.56 0.95 1.48 1.06 2.54 1.91 1.23 2.48 9.88 3.80 2.05 0.31 2.76 
4 
Canadian field peas, ground 22.19 1.56 0.20 0.32 0.52 1.82 0.54 0.89 1.60 1.06 0.80 0.20 1.01 
Barley, ground 11.30 0.39 0.18 0.23 0.41 0.53 0.24 0.36 0.72 0.54 0.36 0.13 0.51 
Corn, ground 7.80 0.25 0.16 0.17 0.33 0.38 0.22 0.26 0.89 0.37 0.28 0.06 0.36 
Wheat, ground 12.22 0.35 0.19 0.28 0.47 0.59 0.29 0.41 0.80 0.55 0.36 0.14 0.52 
5 
Corn, ground 8.73 0.30 0.19 0.19 0.38 0.45 0.26 0.33 1.05 0.44 0.31 0.06 0.43 
Soybean meal, 48% CP 50.84 3.31 0.73 0.89 1.62 3.80 1.37 2.48 4.03 2.69 1.97 0.65 2.59 
Canadian field peas, ground 22.19 1.56 0.20 0.32 0.52 1.82 0.54 0.89 1.60 1.06 0.80 0.20 1.01 
Corn gluten meal, 60% CP 59.56 0.95 1.48 1.06 2.54 1.91 1.23 2.48 9.88 3.80 2.05 0.31 2.76 
6 
Corn, ground 8.43 0.30 0.16 0.17 0.33 0.42 0.25 0.30 1.06 0.42 0.30 0.07 0.42 
Soybean meal, 48% CP 49.84 3.27 0.70 0.72 1.42 3.79 1.33 2.34 3.94 2.49 1.91 0.72 2.43 
Canadian field peas, ground 21.65 1.72 0.21 0.31 0.52 1.91 0.54 0.97 1.69 1.11 0.81 0.21 1.08 
  Corn gluten meal, 60% CP 66.57 1.17 1.49 1.07 2.56 2.08 1.29 2.70 10.69 4.01 2.03 0.40 2.96 
1 Analyzed values for the amino acids are expressed as a percentage as–fed. 
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Table A.2.2. Diet analysis for Exp. 21 
 
Formulated basal 
diets  Analyzed diets  Mean of 
diet 1,5 
Difference 
from 
calculated 
values Parameter Low High  1 2 3 4 5  
CP (%, as is) 12.76 12.81  13.08 12.89 13.06 12.92 13.06  13.07 0.26 
Lysine 0.815 0.815  0.81 0.77 0.81 0.8 0.82  0.815 0.000 
Methionine 0.31 0.31  0.32 0.31 0.33 0.32 0.32  0.32 0.008 
Cysteine 0.23 0.23  0.24 0.25 0.24 0.24 0.23  0.24 0.010 
Met+Cys 0.54 0.54  0.56 0.56 0.57 0.55 0.56  0.56 0.022 
Arginine 0.76 0.76  0.79 0.76 0.74 0.79 0.78  0.79 0.025 
Histidine 0.34 0.34  0.34 0.34 0.35 0.35 0.34  0.34 0.005 
Isoleucine 0.51 0.51  0.53 0.52 0.54 0.52 0.53  0.53 0.016 
Leucine 1.16 1.16  1.26 1.25 1.27 1.28 1.27  1.27 0.103 
Phenylalanine 0.60 0.60  0.63 0.62 0.64 0.63 0.63  0.63 0.030 
Threonine 0.56 0.56  0.6 0.58 0.61 0.61 0.61  0.61 0.041 
Tryptophan 0.12 0.17  0.12 0.13 0.14 0.15 0.17  0.15 –0.022 
Valine 0.57 0.57  0.61 0.61 0.63 0.61 0.61  0.61 0.038 
Lys (Analyzed)    0.81 0.77 0.81 0.80 0.82    
Lys (Formulated)    0.815 0.815 0.815 0.815 0.815    
Lys (Average)2    0.815 0.815 0.815 0.815 0.815    
Trp (Analyzed)    0.12 0.13 0.14 0.15 0.17    
Trp (Formulated)    0.1248 0.1355 0.1461 0.1567 0.1674    
Trp (Regressed)3    0.1200 0.1325 0.1450 0.1575 0.1700    
Total Trp:Lys (Formulated)   0.1531 0.1662 0.1792 0.1923 0.2053    
SID Trp:Lys (Formulated)    0.1413 0.1561 0.1709 0.1857 0.2005    
Regressed Trp:Lys            
Total Trp:Lys 0.1531 0.2053  0.1472 0.1626 0.1779 0.1933 0.2086    
SID Trp:Lys4  0.1413 0.2005  0.1359 0.1528 0.1697 0.1867 0.2037    
1 Amino acid values are expressed on a total basis unless otherwise stated. 
2 The mean of the analyzed Lys values for diet 1 and 5 was used for calculation of the Trp:Lys ratios. 
3 The computed Trp level is based on a regression of analyzed values (thus, 0.12 for the low diet and 0.17 for the high diet). 
4 The computed SID ratio in parenthesis is the original formulated ratio adjusted by the same percentage as the analyzed total ratio is reduced from the formulated total ratio (e.g., 0.1413 
x [0.1472/0.1531] = 0.1359). 
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Table A.2.3. Diet analysis for Exp. 31 
 
Formulated basal 
diet values  Analyzed diet values  Mean of 
diet 1,5 
Difference 
from 
calculated 
values Parameter Low High  1 2 3 4 5  
CP (%, as is) 13.15 13.18  13.45 13.39 13.27 13.45 13.55  13.50 0.32 
Lysine 0.75 0.75  0.73 0.72 0.73 0.77 0.73  0.730 –0.020 
Methionine 0.25 0.25  0.25 0.25 0.26 0.26 0.26  0.26 0.000 
Cysteine 0.24 0.24  0.22 0.25 0.26 0.25 0.26  0.24 –0.002 
Met+Cys 0.50 0.50  0.47 0.51 0.51 0.51 0.51  0.49 –0.006 
Arginine 0.67 0.67  0.7 0.68 0.68 0.71 0.72  0.71 0.037 
Histidine 0.33 0.33  0.33 0.35 0.35 0.34 0.34  0.34 0.005 
Isoleucine 0.49 0.49  0.47 0.51 0.51 0.49 0.5  0.49 –0.002 
Leucine 1.47 1.47  1.58 1.6 1.57 1.56 1.59  1.59 0.115 
Phenylalanine 0.66 0.66  0.71 0.67 0.66 0.69 0.7  0.71 0.041 
Threonine 0.54 0.54  0.54 0.53 0.53 0.56 0.51  0.53 –0.016 
Tryptophan 0.11 0.15  0.1 0.12 0.12 0.13 0.14  0.12 –0.026 
Valine 0.59 0.59  0.58 0.63 0.62 0.6 0.62  0.60 0.007 
Lys (Analyzed)    0.73 0.72 0.73 0.77 0.73    
Lys (Formulated)    0.75 0.75 0.75 0.75 0.75    
Lys (Average)2    0.73 0.73 0.73 0.73 0.73    
Trp (Analyzed)    0.10 0.12 0.12 0.13 0.14    
Trp (Formulated)    0.1067 0.1166 0.1265 0.1363 0.1462    
Trp (Regressed)3    0.1000 0.1100 0.1200 0.1300 0.1400    
Total Trp:Lys (Formulated)   0.1422 0.1554 0.1686 0.1818 0.1950    
SID Trp:Lys (Formulated)    0.1243 0.1392 0.1542 0.1692 0.1842    
Regressed Trp:Lys                   
Total Trp:Lys 0.1422 0.1950  0.1370 0.1507 0.1644 0.1781 0.1918    
SID Trp:Lys4  0.1243 0.1842  0.1197 0.1350 0.1504 0.1657 0.1811    
1 Amino acid values are expressed on a total basis unless otherwise stated. 
2 The mean of the analyzed Lys values for diet 1 and 5 was used for calculation of the Trp:Lys ratios. 
3 The computed Trp level is based on a regression of analyzed values (thus, 0.10 for the low diet and 0.14 for the high diet). 
4 The computed ratio in parenthesis is the original calculated ratio reduced by the same percentage as the analyzed total ratio is reduced from the calculated total ratio (e.g., 
0.1370 x [0.1243/0.1422] = 0.1197). 
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Table A.2.4. Diet analysis for Exp. 41 
 
Formulated basal 
diet values  Analyzed diet values  Mean of diet 
1,5 
Difference 
from 
calculated. 
values Parameter Low High  1 2 3 4 5  
CP (%, as is) 12.81 12.84  12.32 12.35 12.22 12.34 12.35  12.34 –0.50 
Lysine 0.80 0.80  0.84 0.82 0.88 0.82 0.84  0.84 0.043 
Methionine 0.28 0.28  0.26 0.25 0.26 0.27 0.26  0.26 –0.016 
Cysteine 0.22 0.22  0.23 0.21 0.21 0.22 0.21  0.22 0.003 
Met+Cys 0.49 0.49  0.49 0.46 0.48 0.48 0.47  0.48 –0.013 
Arginine 0.82 0.82  0.87 0.87 0.92 0.92 0.93  0.90 0.082 
Histidine 0.30 0.30  0.29 0.29 0.30 0.30 0.30  0.30 0.000 
Isoleucine 0.48 0.48  0.48 0.48 0.50 0.50 0.49  0.49 0.002 
Leucine 0.91 0.91  0.92 0.92 0.95 0.95 0.94  0.93 0.016 
Phenylalanine 0.59 0.59  0.60 0.61 0.62 0.62 0.61  0.61 0.017 
Threonine 0.54 0.54  0.54 0.51 0.54 0.54 0.54  0.54 –0.004 
Tryptophan 0.12 0.16  0.12 0.14 0.14 0.15 0.15  0.14 –0.025 
Valine 0.57 0.57  0.57 0.57 0.60 0.59 0.58  0.58 0.007 
Lys (Analyzed)    0.84 0.82 0.88 0.82 0.84    
Lys (Formulated)    0.797 0.797 0.797 0.797 0.797    
Lys (Average)2    0.84 0.84 0.84 0.84 0.84    
Trp (Analyzed)    0.12 0.14 0.14 0.15 0.15    
Analyzed Trp in feedtuffs3    0.1206 0.1206 0.1206 0.1206 0.1206    
Formulated L–Trp    0.00 0.01 0.02 0.03 0.04    
Analyzed L–Trp4    < 0.02 < 0.02 0.018 0.027 0.036    
Regressed L–Trp5    0.0000 0.0087 0.0174 0.0261 0.0348    
Calculated dietary Trp Content6    0.1206 0.1293 0.1380 0.1467 0.1554    
Regressed Trp:Lys                   
Total Trp:Lys7 0.1526 0.2027  0.1436 0.1539 0.1643 0.1746 0.1850    
SID Trp:Lys8 0.1387 0.1984  0.1305 0.1432 0.1559 0.1685 0.1811    
1 Amino acid values are expressed on a total basis unless otherwise stated. 
2 The mean of the analyzed Lys values for diet 1 and 5 was used for calculation of the Trp:Lys ratios. 
3Sum of the analyzed Trp contribution from the dietary feedstuffs (without supplemental Trp). 
4 Analyzed L–Trp values from Evonik–Degussa for each diet were expressed in 3 significant digits. 
5As exact analyzed L–Trp values were not known for Diets 1 and 2, a regression line was forced through 0 (Diet 1 did not include L–Trp) and the three known analyzed L–Trp 
values. This regression yielded 4 values that were used as the assumed L–Trp levels in the diets.  
6 Sum of the analyzed Trp content from the included feedstuffs and regressed L–Trp values. 
7 Total Trp:Lys ratio was determined by dividing the calculated dietary Trp content (that included regressed L–Trp values) by the mean analyzed Lys level of Diets 1 and 5. 
8 The computed SID ratio in parenthesis is the original formulated ratio adjusted by the same percentage as the analyzed total ratio is adjusted from the total ratio (e.g., 0.1387 x [ 
0.1436/0.1526] = 0.1305). 
 
117 
118 
 
 
Table A.2.5. Diet analysis for Exp. 51 
 Formulated Basal diet values        Difference from basal 
 Analysis 12 Analysis 23 Analyzed diet values3 Mean 
of diet 
1,6 
Missouri 
Analysis 
Evonik–
Degussa 
Analysis Parameter Low High Low High 1 2 3 4 5 6 
CP (%, as is) 14.01 14.06 13.33 13.29 13.74 13.6 13.65 13.31 13.45 13.77 13.76 –0.31 –0.465 
Lysine 0.7563 0.7563 0.7380 0.7380 0.70 0.69 0.70 0.71 0.70 0.74 0.72 –0.036 0.018 
Methionine 0.31 0.31 0.31 0.31 0.29 0.26 0.27 0.27 0.29 0.28 0.29 –0.027 0.023 
Cysteine 0.26 0.26 0.26 0.26 0.23 0.24 0.24 0.23 0.23 0.24 0.24 –0.030 0.022 
Met+Cys 0.58 0.58 0.56 0.56 0.52 0.50 0.51 0.50 0.52 0.52 0.52 –0.057 0.044 
Arginine 0.74 0.74 0.73 0.73 0.72 0.71 0.72 0.68 0.71 0.72 0.72 –0.015 0.006 
Histidine 0.36 0.36 0.36 0.36 0.37 0.36 0.36 0.36 0.35 0.35 0.36 –0.004 0.003 
Isoleucine 0.58 0.58 0.56 0.56 0.51 0.51 0.51 0.49 0.52 0.53 0.52 –0.055 0.044 
Leucine 1.61 1.61 1.59 1.59 1.56 1.56 1.56 1.52 1.55 1.57 1.57 –0.048 0.027 
Phenylalanine 0.73 0.73 0.72 0.72 0.70 0.69 0.69 0.67 0.68 0.70 0.70 –0.028 0.020 
Threonine 0.63 0.63 0.62 0.62 0.61 0.59 0.61 0.59 0.61 0.60 0.61 –0.022 0.017 
Tryptophan4 0.1056 0.1551 0.1061 0.1556          
Valine 0.66 0.66 0.65 0.65 0.60 0.59 0.60 0.57 0.60 0.61 0.61 –0.056 0.045 
Total Trp:Lys 0.1396 0.2051 0.1438 0.2108                   
SID Trp:Lys3 0.1298 0.2045 0.1401 0.2203                   
1 Amino acid values are expressed on a total basis unless otherwise stated. 
2 Analysis of the total amino acid composition for corn and soybean meal by the University of Missouri were used in diet formulation. 
3 Analysis of the total amino acid composition for corn and soybean meal by Evonik–Degussa Inc. 
4 The results for total amino acid content of the six experimental diets by Evonik–Degussa did not include values for Trp. 
 
  
  
118 
119 
 
Table A.2.6. Diet analysis for Exp. 61 
 
Formulated basal 
diet values  Analyzed diet values  
Mean 
of diet 
1,6 
Diff. from 
calculated 
values Parameter Low High  1 2 3 4 5 6  
CP (%, as is)    12.32 12.35 12.22 12.34 12.35 12.38  12.35 12.35 
Lysine 0.74 0.74  0.71 0.7 0.73 0.7 0.73 0.72  0.72 –0.026 
Methionine 0.25 0.25  0.24 0.25 0.25 0.25 0.25 0.25  0.25 –0.003 
Cysteine 0.21 0.21  0.23 0.22 0.23 0.22 0.22 0.22  0.23 0.019 
Met+Cys 0.45 0.45  0.47 0.47 0.48 0.47 0.47 0.47  0.47 0.015 
Arginine 0.67 0.67  0.69 0.68 0.69 0.69 0.68 0.69  0.69 0.019 
Histidine 0.31 0.31  0.31 0.31 0.32 0.32 0.31 0.32  0.32 0.003 
Isoleucine 0.46 0.46  0.42 0.43 0.44 0.45 0.42 0.43  0.43 –0.037 
Leucine 1.35 1.35  1.32 1.31 1.33 1.34 1.3 1.33  1.33 –0.023 
Phenylalanine 0.60 0.60  0.59 0.59 0.59 0.59 0.58 0.59  0.59 –0.006 
Threonine 0.51 0.51  0.51 0.51 0.52 0.51 0.51 0.5  0.51 –0.006 
Tryptophan 0.10 0.15  0.1 0.11 0.11 0.13 0.14 0.15  0.13 –0.029 
Valine 0.57 0.57  0.54 0.55 0.56 0.56 0.54 0.55  0.55 –0.023 
Lys (Analyzed)    0.71 0.70 0.73 0.70 0.73 0.72    
Lys (Formulated)    0.741 0.741 0.741 0.741 0.741 0.741    
Lys (Average)2    0.715 0.715 0.715 0.715 0.715 0.715    
Trp (Analyzed)    0.10 0.11 0.11 0.13 0.14 0.15    
Trp (Formulated)    0.1049 0.1111 0.1173 0.1297 0.1420 0.1544    
Trp (Regressed)3    0.1000 0.1063 0.1125 0.1250 0.1375 0.1500    
Total Trp:Lys (Formulated)    0.1416 0.1500 0.1583 0.1750 0.1917 0.2084    
SID Trp:Lys (Formulated)    0.1322 0.1417 0.1511 0.1700 0.1889 0.2078    
Regressed Trp:Lys                     
Total Trp:Lys 0.1416 0.2084  0.1399 0.1486 0.1573 0.1748 0.1923 0.2098    
SID Trp:Lys4 0.1322 0.2078  0.1308 0.1406 0.1504 0.1700 0.1895 0.2091    
1 Amino acid values are expressed on a total basis unless otherwise stated. 
2 The mean of the analyzed Lys values for diet 1 and 6 were used for calculation of the Trp:Lys ratios. 
3 The computed Trp level is based on a regression of analyzed values (thus, 0.10 for the low diet and 0.15 for the high diet). 
4 The computed ratio in parenthesis is the original calculated ratio reduced by the same percentage as the analyzed total ratio is reduced from the calculated total (e.g., 0.1322 x [ 
0.1399/0.1416] = 0.1308). 
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Appendix 3. Procedure for plasma urea nitrogen analysis 
 Blood samples were collected via jugular venipuncture using a 10 mL syringe and 
then placed in a 7–10 mL capacity evacuated blood–collection tubes spray coated with 
sodium heparin (Becton Dickinson Vacutainer System, Rutherford, NJ). On the morning 
of scheduled blood collection, all pigs were awaken at 0700, and blood collection 
commenced at 0845 in a manner that completed the replicates sequentially with a random 
dietary treatment order within each replicate. The procedure was completed by 1100 at 
the latest. This meant that each pen took about 5 to 6 minutes which equates to 25 to 30 
minutes per replicate (30 to 36 minutes for Exp. 5 and 6). This amount of time was 
deemed to be a narrow window within replicate with regard to potential changes in 
absorption and metabolism of meal constituents. Immediately following collection, blood 
samples were stored on ice for approximately 1 to 2 hours, and plasma samples were 
obtained by centrifugation (20 min at 1,200 x g, 4º C). Following centrifugation, plasma 
was harvested, divided into 1 mL aliquots, and stored at –20º C until being sent to the 
USDA laboratory of Dr. Brian Kerr in Ames, IA for determination of plasma urea 
nitrogen (PUN). 
 Plasma urea N was analyzed colorimeterically (Kit B755`–`10, Point Scientific 
Inc., Lincoln Park, MI) by using a Varian Cary 50 spectrophotometer (Varian Analytical 
Instruments, Walnut Creek, CA). This utilized the classic indophenol reaction of 
ammonia (Chaney and Marbach, 1962), which was followed by incubation with buffered 
urease. The intensity of the color in this indophenol reaction is related to the 
concentration of ammonia in the plasma sample (from Laborde et al., 1995). 
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Appendix 4. Weekly performance data. 
Table A.4.1. Weekly performance data from Exp. 11 
    Lys, % PSEM P–values Parameter 0.80 0.88 0.93 0.98 1.03 1.11 Linear Quad. 
BW, kg                   
  d 0 24.650 24.915 24.615 24.625 25.250 25.022 1.011 0.467 0.833 
  d 7 30.157 31.383 31.009 30.589 31.500 31.514 1.175 0.128 0.774 
  d 14 36.143 37.449 37.470 36.772 37.602 38.173 1.406 0.063 0.898 
  d 21 42.308 43.971 44.366 43.131 44.597 44.987 1.568 0.021 0.702 
d 0–7                   
  ADG, kg/d 0.787 0.924 0.913 0.852 0.893 0.927 0.079 0.058 0.323 
  ADFI, kg/d 1.299 1.578 1.521 1.419 1.461 1.457 0.127 0.386 0.052 
  Feed:gain 1.645 1.713 1.674 1.671 1.645 1.573 0.052 0.209 0.177 
d 7–14                   
  ADG, kg/d 0.855 0.866 0.923 0.883 0.872 0.951 0.057 0.034 0.691 
  ADFI, kg/d 1.689 1.770 1.937 1.808 1.722 1.856 0.141 0.250 0.271 
  Feed:gain 1.980 2.053 2.103 2.048 1.983 1.950 0.056 0.408 0.071 
d 14–21                   
  ADG, kg/d 0.881 0.932 0.985 0.908 0.999 0.973 0.095 0.107 0.530 
  ADFI, kg/d 1.835 1.919 1.967 1.879 1.897 2.009 0.133 0.140 0.954 
  Feed:gain 2.113 2.068 2.006 2.090 1.930 2.077 0.073 0.429 0.372 
d 0–21                   
  ADG, kg/d 0.841 0.907 0.941 0.881 0.921 0.951 0.048 0.005 0.421 
  ADFI, kg/d 1.608 1.756 1.808 1.702 1.693 1.774 0.108 0.150 0.218 
  Feed:gain 1.912 1.936 1.924 1.931 1.847 1.866 0.040 0.169 0.440 
  
PUN, 
mg/dL 14.582 12.961 13.701 11.282 11.630 13.304 0.941 0.139 0.084 
1 Represents the least squares means of 8 individually penned pigs (4 barrows, 4 gilts) per treatment for the 21–d experiment. 
 
  
122 
 
Table A.4.2. Weekly performance data for Exp. 21 
    SID Trp:Lys PSEM P–values 
Parameter 14.13% 15.61% 17.09% 18.57% 20.05% Linear Quad. 
BW, kg                 
  d 0 25.676 25.707 25.734 25.691 25.731 0.063 0.654 0.832 
  d 7 29.377 29.468 29.291 29.818 30.423 0.336 0.041 0.194 
  d 14 34.655 35.536 34.891 35.059 35.861 0.460 0.217 0.714 
  d 21 40.114 41.423 41.000 40.323 40.952 0.527 0.742 0.432 
d 0–7                 
  ADG, kg/d 0.529 0.537 0.508 0.590 0.670 0.047 0.043 0.169 
  ADFI, kg/d 1.167 1.185 1.161 1.235 1.340 0.059 0.059 0.248 
  Feed:gain 2.213 2.216 2.299 2.145 2.010 0.123 0.255 0.291 
d 7–14                 
  ADG, kg/d 0.754 0.867 0.800 0.749 0.777 0.036 0.551 0.283 
  ADFI, kg/d 1.625 1.738 1.661 1.699 1.710 0.070 0.576 0.739 
  Feed:gain 2.167 2.019 2.078 2.286 2.230 0.102 0.256 0.406 
d 14–21                 
  ADG, kg/d 0.780 0.841 0.873 0.752 0.727 0.040 0.154 0.048 
  ADFI, kg/d 2.167 2.019 2.078 2.286 2.230 0.102 0.256 0.406 
  Feed:gain 2.259 2.349 2.280 2.553 2.633 0.100 0.011 0.410 
d 0–21                 
  ADG, kg/d 0.688 0.748 0.727 0.697 0.725 0.025 0.779 0.439 
  ADFI, kg/d 1.523 1.631 1.603 1.615 1.647 0.064 0.282 0.654 
  Feed:gain 2.207 2.184 2.206 2.335 2.272 0.076 0.273 0.927 
  PUN, mg/dL 7.723 8.520 9.751 12.297 13.893 0.424 <.001 0.091 
1 Least squares means of 5 pens (4 pens for SID Trp:Lys 20.05%) per treatment with 5 pigs/pen for the 21–d experiment. 
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Table A.4.3. Weekly performance data for Exp. 31 
    SID Trp:Lys 
PSEM 
P–values 
Parameter 11.97% 13.50% 15.04% 16.57% 18.11% Linear Quad. 
BW, kg                 
  d 0 25.719 25.673 25.659 25.718 25.530 0.087 0.262 0.535 
  d 7 28.991 29.273 30.227 30.418 30.409 0.224 <.001 0.135 
  d 14 32.905 33.945 36.232 36.509 36.855 0.320 <.001 0.014 
  d 21 37.514 39.273 42.214 42.255 42.649 0.494 <.001 0.009 
d 0–7                 
  ADG, kg/d 0.467 0.514 0.653 0.671 0.697 0.031 <.001 0.188 
  ADFI, kg/d 1.114 1.162 1.326 1.310 1.361 0.045 <.001 0.317 
  Feed:gain 2.412 2.267 2.030 1.954 1.974 0.078 <.001 0.117 
d 7–14                 
  ADG, kg/d 0.559 0.668 0.858 0.870 0.921 0.026 <.001 0.010 
  ADFI, kg/d 1.299 1.482 1.824 1.861 1.868 0.052 <.001 0.005 
  Feed:gain 2.351 2.222 2.130 2.139 2.021 0.072 0.006 0.656 
d 14–21                 
  ADG, kg/d 0.658 0.761 0.855 0.821 0.828 0.039 0.007 0.047 
  ADFI, kg/d 1.521 1.751 2.037 1.928 1.977 0.067 <.001 0.009 
  Feed:gain 2.310 2.317 2.385 2.351 2.403 0.067 0.326 0.965 
d 0–21                 
  ADG, kg/d 0.562 0.648 0.788 0.787 0.815 0.023 <.001 0.009 
  ADFI, kg/d 1.311 1.465 1.729 1.700 1.735 0.045 <.001 0.007 
  Feed:gain 2.339 2.266 2.193 2.158 2.126 0.034 <.001 0.361 
  PUN, mg/dL 10.428 9.304 8.209 8.554 9.253 0.486 0.069 0.015 
1Represents the least squares means of 5 pens (4 pens for SID Trp:Lys 18.11%) per treatment with 5 pigs/pen for the 21–d 
experiment. 
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Table A.4.4. Weekly performance data for Exp. 41 
    SID Trp:Lys PSEM P–values Parameter 13.05% 14.32% 15.58% 16.85% 18.11% Linear Quad. 
BW, kg                 
  d 0 28.200 28.171 28.782 28.327 28.148 0.251 0.948 0.162 
  d 7 32.236 33.285 33.691 34.018 33.126 0.388 0.060 0.015 
  d 14 37.818 38.992 40.236 40.491 40.038 0.597 0.007 0.074 
  d 21 43.382 44.645 46.327 46.182 45.964 0.747 0.013 0.104 
d 0–7                 
  ADG, kg/d 0.577 0.731 0.701 0.813 0.711 0.039 0.013 0.022 
  ADFI, kg/d 1.321 1.419 1.473 1.546 1.424 0.054 0.074 0.055 
  Feed:gain 2.296 1.953 2.116 1.916 2.015 0.043 0.001 0.006 
d 7–14                 
  ADG, kg/d 0.797 0.815 0.935 0.925 0.987 0.043 0.003 0.803 
  ADFI, kg/d 1.700 1.851 1.907 1.913 2.042 0.072 0.006 0.731 
  Feed:gain 2.142 2.266 2.043 2.093 2.075 0.057 0.110 0.956 
d 14–21                 
  ADG, kg/d 0.795 0.808 0.870 0.813 0.847 0.040 0.409 0.607 
  ADFI, kg/d 1.768 1.948 1.752 1.836 1.837 0.098 0.929 0.834 
  Feed:gain 2.219 2.404 1.982 2.333 2.183 0.171 0.796 0.872 
d 0–21                 
  ADG, kg/d 0.723 0.784 0.835 0.850 0.848 0.032 0.007 0.187 
  ADFI, kg/d 1.596 1.739 1.710 1.765 1.768 0.038 0.009 0.188 
  Feed:gain 2.211 2.217 2.049 2.104 2.088 0.068 0.120 0.488 
  PUN, mg/dL 6.806 6.217 5.522 5.603 5.934 0.357 0.056 0.067 
 1Represents the least squares means of 5 pens (4 pens for SID Trp:Lys 14.32% and 18.42%) per treatment with 5 pigs/pen for the 
21–d experiment. 
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Table A.4.5. Weekly performance data for Exp. 51 
    SID Trp:Lys PSEM P–values 
Parameter 12.98% 13.88% 14.77% 17.24% 18.81% 20.45% Linear Quad. 
BW, kg                   
  d 0 32.330 32.528 32.273 32.898 32.642 32.216 0.225 0.790 0.078 
  d 7 35.852 36.875 37.017 37.784 37.955 37.443 0.324 0.001 0.009 
  d 14 40.114 42.045 42.585 42.926 43.608 43.352 0.440 0.001 0.015 
  d 21 44.318 46.761 47.813 48.494 49.290 49.517 0.506 0.001 0.010 
d 0–7                   
  ADG, kg/d 0.503 0.621 0.678 0.698 0.759 0.747 0.044 0.009 0.015 
  ADFI, kg/d 1.540 1.700 1.684 1.601 1.707 1.632 0.077 0.613 0.204 
  Feed:gain 3.154 2.740 2.528 2.350 2.343 2.205 0.170 0.001 0.128 
d 7–14                   
  ADG, kg/d 0.609 0.739 0.795 0.735 0.808 0.844 0.037 0.002 0.364 
  ADFI, kg/d 1.790 2.048 1.965 1.906 2.016 1.944 0.113 0.625 0.526 
  Feed:gain 3.001 2.822 2.530 2.646 2.492 2.285 0.188 0.018 0.806 
d 14–21                   
  ADG, kg/d 0.601 0.674 0.747 0.795 0.812 0.881 0.047 <.001 0.400 
  ADFI, kg/d 1.946 2.138 1.978 2.014 2.032 1.806 0.106 0.255 0.213 
  Feed:gain 3.290 3.243 2.703 2.553 2.499 2.074 0.245 0.001 0.743 
d 0–21                   
  ADG, kg/d 0.571 0.678 0.740 0.743 0.793 0.824 0.022 0.001 0.037 
  ADFI, kg/d 1.759 1.962 1.876 1.840 1.918 1.794 0.087 0.892 0.320 
  Feed:gain 3.110 2.905 2.582 2.484 2.428 2.174 0.152 <.001 0.407 
  PUN, mg/dL 10.907 9.927 10.191 9.886 10.460 10.305 0.349 0.699 0.158 
1Represents the least squares means of 4 pens per treatment of 4 pigs/pen for the 21–d experiment. 
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Table A.4.6. Weekly performance data for Exp. 61 
    SID Trp:Lys PSEM P–values 
Parameter 13.08% 14.06% 15.04% 17.00% 18.95% 20.91% Linear Quad. 
BW, kg                   
  d 0 24.171 23.995 24.286 24.120 24.155 24.148 0.118 0.910 0.862 
  d 7 26.023 26.057 26.983 27.693 27.727 28.045 0.239 <.001 0.037 
  d 14 29.227 29.517 31.170 33.165 33.386 34.136 0.293 <.001 0.001 
  d 21 33.182 33.994 36.057 39.119 40.250 40.773 0.503 <.001 <.001 
d 0–7                   
  ADG, kg/d 0.264 0.295 0.385 0.510 0.510 0.557 0.033 <.001 0.039 
  ADFI, kg/d 0.931 1.100 1.037 1.220 1.090 1.262 0.075 0.014 0.569 
  Feed:gain 3.509 3.912 2.703 2.409 2.139 2.298 0.251 <.001 0.042 
d 7–14                   
  ADG, kg/d 0.458 0.494 0.598 0.782 0.808 0.870 0.045 <.001 0.076 
  ADFI, kg/d 1.153 1.236 1.338 1.650 1.732 1.812 0.052 <.001 0.037 
  Feed:gain 2.653 2.510 2.261 2.129 2.148 2.084 0.158 0.012 0.189 
d 14–21                   
  ADG, kg/d 0.565 0.640 0.698 0.851 0.981 0.948 0.040 <.001 0.031 
  ADFI, kg/d 1.334 1.412 1.597 1.871 2.093 2.097 0.072 <.001 0.048 
  Feed:gain 2.372 2.219 2.290 2.212 2.139 2.219 0.073 0.114 0.271 
d 0–21                   
  ADG, kg/d 0.429 0.476 0.561 0.714 0.766 0.792 0.025 <.001 0.004 
  ADFI, kg/d 1.139 1.249 1.324 1.580 1.638 1.724 0.049 <.001 0.044 
  Feed:gain 2.686 2.637 2.368 2.215 2.139 2.179 0.080 <.001 0.016 
  PUN, mg/dL 10.623 9.507 8.830 7.933 8.082 8.632 0.556 0.011 0.015 
1Represents the least squares means of 4 pens per treatment of 5 pigs/pen for the 21–d experiment. 
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Appendix 5. Outliers removed from the experimental analysis. 
 Prior to analyses of variance, the growth performance was evaluated to identify 
any statistical outliers within individual pens. First, the pens displaying intra–pen CV 
values higher than 25% for average daily gain were identified for further examination. 
Then individual pig performances within the selected pens were evaluated to identify the 
pig most divergent from its penmates. This growth performance was then compared with 
littermates on other treatments in the experiment to determine whether the observed 
abnormalities were simply a genetic response. The suspected outliers were also compared 
to the performance of other pigs in other pens on that same dietary treatment. In the 
majority of evaluations, the pig was not removed from the data set; in a few instances it 
was decided that removal of the selected pigs from the study was appropriate. When a pig 
was removed from the experimental analysis (because of death or deemed a statistical 
outlier), the pen feed intake was adjusted based on a model that allocated feed relative to 
metabolic body weight and relative to weight gain (Lindemann and Kim, 2007). 
 A total of 16 pigs were selected for outlier evaluation in Exp. 2, of which 4 
removed from the study due to non–normal performance (1 pig from Diets 1, 2, 4, 5; this 
included excessive and limited weight gain relative to the overall group). One pig died 
during the course of the experiment (Diet 4), and therefore a total of 5 pigs were removed 
from the statistical analysis in this experiment. The outliers are detailed in Tables A.5.1. – 
A.5.4.  
Table A.5.1. Exp. 2 outlier ADG response for Pen 22 (SID Trp:Lys: 
14.13%, Rep 5) 
ADG, kg/d   
Pig 7 d 14 d 21 d 0 – 21 d 
4752 M 0.76 1.10 0.84 0.90   
4773 M 0.55 0.58 0.78 0.64 0.64 
4711 M 0.28 0.58 0.52 0.46 0.46 
4732 F 0.23 0.78 0.78 0.60 0.60 
4801 F 0.81 0.71 0.58 0.70 0.70 
Mean: 0.52 0.75 0.70 0.66 0.60 
StDev: 0.27 0.21 0.14 0.16 0.10 
CV: 50.63 28.33 20.06 24.49 17.34 
  
 
 
 
128 
 
 
 
Table A.5.2. Exp. 2 outlier ADG response for Pen 7 (SID Trp:Lys: 15.61%, 
Rep 2) 
ADG, kg/d   
Pig 7 d 14 d 21 d 0 – 21 d 
4651 M 0.82 0.91 1.17 0.97   
4664 M 0.54 0.71 0.78 0.68 0.68 
4760 M 0.53 0.78 0.91 0.74 0.74 
4646 F 0.52 0.91 1.04 0.82 0.82 
4684 F 0.36 0.91 0.58 0.62 0.62 
Mean: 0.55 0.84 0.90 0.77 0.71 
StDev: 0.17 0.09 0.23 0.14 0.09 
CV: 30.39 10.89 25.30 17.82 12.27 
 
Table A.5.3. Exp. 2 outlier ADG response for Pen 21 (SID Trp:Lys: 
18.57%, Rep 5) 
ADG, kg/d   
Pig 7 d 14 d 21 d 0 – 21 d 
4732 M 0.76 0.78 0.84 0.79 0.79 
4804 M 0.41 0.78 0.91 0.70 0.70 
4712 M 0.44 0.65 0.65 0.58 0.58 
4703 F 0.13 0.52 0.58 0.41 
4803 F 0.78 0.65 0.65 0.69 0.69 
Mean: 0.50 0.68 0.73 0.64 0.69 
StDev: 0.27 0.11 0.14 0.15 0.09 
CV: 53.45 16.07 19.34 22.96 12.70 
 
Table A.5.4. Exp. 2 outlier ADG response for Pen 15 (SID Trp:Lys: 
20.05%, Rep 5) 
ADG, kg/d   
Pig 7 d 14 d 21 d 0 – 21 d 
4771 M 0.88 0.58 0.84 0.77 0.77 
4670 M 0.64 0.58 0.71 0.64 0.64 
4802 F 1.03 0.71 0.71 0.82 0.82 
4715 F 0.41 0.45 0.71 0.53 
4756 F 0.63 0.65 1.04 0.77 0.77 
Mean: 0.72 0.60 0.81 0.71 0.75 
StDev: 0.24 0.10 0.14 0.12 0.08 
CV: 33.80 16.12 17.67 16.94 9.99 
 
 A total of 11 pigs were selected for outlier evaluation in Exp. 3, of which 3 were 
removed (Diets 1, 3, 5; detailed in Tables A.5.5. – A.5.7). In week 3 of the experiment, 
5304 M in pen 15 suffered a mild rectal prolapse, which likely contributed to the pigs’ 
decrease in performance, and the pig was therefore removed (Table A.5.6.)  
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Table A.5.5. Exp. 3 outlier ADG response for Pen 4 (SID Trp:Lys: 11.97%, 
Rep 1) 
ADG, kg/d   
Pig 7 d 14 d 21 d 0 – 21 d 
5232 M 0.71 0.97 0.91 0.86 0.86 
5262 M 0.15 0.45 0.45 0.35 0.35 
5352 M 0.60 1.04 0.65 0.76 0.76 
5240 F 0.13 0.26 0.13 0.17 
5222 F 0.42 0.20 0.71 0.44 0.44 
Mean: 0.40 0.58 0.57 0.52 0.61 
StDev: 0.26 0.40 0.30 0.29 0.25 
CV: 65.26 68.04 51.69 55.47 40.63 
 
Table A.5.6. Exp. 3 outlier ADG response for Pen 15 (SID Trp:Lys: 
15.04%, Rep 3) 
ADG, kg/d   
Pig 7 d 14 d 21 d 0 – 21 d 
5343 M 0.33 0.32 0.35 0.34 0.34 
5304 M 0.18 0.35 0.03 0.19 
5251 M 0.14 0.27 0.41 0.27 0.27 
5354 F 0.34 0.47 0.32 0.38 0.38 
5321 F 0.32 0.38 0.44 0.38 0.38 
Mean: 0.26 0.36 0.31 0.31 0.34 
StDev: 0.10 0.08 0.17 0.08 0.05 
CV: 36.77 21.22 52.78 26.46 15.17 
 
Table A.5.7. Exp. 3 outlier ADG response for Pen 5 (SID Trp:Lys: 18.11%, 
Rep 1) 
ADG, kg/d   
Pig 7 d 14 d 21 d 0 – 21 d 
5230 M 0.84 1.23 1.36 1.15   
5313 M 0.68 1.17 1.04 0.96 0.96 
5431 M 0.86 0.84 0.91 0.87 0.87 
5343 F 0.68 0.78 0.78 0.75 0.75 
5221 F 1.18 0.78 0.71 0.89 0.89 
Mean: 0.85 0.96 0.96 0.92 0.87 
StDev: 0.21 0.22 0.26 0.15 0.09 
CV: 24.27 23.11 26.78 15.94 10.29 
 
 A total of 10 pigs were selected for outlier evaluation in Exp. 4, of which 5 were 
removed (Pen 23, Diet 2, Rep 5). Initial examination of the trial data revealed extremely 
unusual results for 1 pen in the final replicate for d 14 to 21 (Diet 2, SID Trp:Lys: 
14.32%). Daily gain dropped below 0.15 kg for 3 of the 5 pigs in the pen, and the 
remaining 2 pigs had less than 0.4 kg. Daily gain of 0.4 kg was less than half of the ADG 
during this period for the rest of the pigs on the study (0.84 ± 0.21 kg/d). More revealing 
were the PUN values, with values as high as 14 and 21 mg/dL (which were not observed 
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on any other dietary treatment in any of the studies). While feed intake during this period 
remained consistent with the other pigs on the study and there were no behavioral 
differences recorded for this pen during the experimental period, the ADG and PUN 
responses led to the decision that the performance by this pen was extremely 
uncharacteristic for pigs of this age/size and thus it was considered a statistical outlier and 
the entire pen was omitted from the statistical analysis. 
Table A.5.8. Exp 4. outlier growth performance and PUN concentrations for 
Pen 23 (Trt 2, Rep 5; SID Trp:Lys: 14.32%) 
ADG, kg/d PUN, mg/dL 
Pig 7 d 14 d 21 d 21 d 
6401 M 0.65 0.78 0.39 9.23 
6503 M 0.65 0.84 0.00 21.65 
6381 F 0.52 0.78 0.13 14.00 
6455 F 0.58 0.84 0.06 10.50 
6504 F 0.65 0.91 0.32   8.64 
 
 A total of 6 pigs were selected for outlier evaluation in Exp. 6, and 3 were 
ultimately removed from the study. Two pigs (Diets 2, 3) were removed due to health 
related issues (lame front legs), which significantly affected the appetite of these pigs. An 
additional pig (Diet 3) was removed from the analysis because it was deemed an outlier 
due to its poor growth performance (Table A.5.9.). 
Table A.5.9. Exp. 6 outlier ADG response for Pen 3 (SID Trp:Lys: 15.04%, 
Rep 1) 
ADG, kg/d   
Pig 7 d 14 d 21 d 0 – 21 d 
8526 M 0.38 0.65 0.78 0.60 0.60 
8530 M 0.52 0.52 0.32 0.45 0.45 
86310 M 0.29 –0.19 0.06 0.05 
8535 F 0.47 0.71 1.04 0.74 0.74 
8561 F 0.50 0.78 0.97 0.75 0.75 
Mean: 0.43 0.49 0.64 0.52 0.64 
StDev: 0.09 0.40 0.42 0.29 0.14 
CV: 22.00 80.36 66.68 55.23 21.90 
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Appendix 6. Broken–line analysis of the total trial performance from various trials.  
 
Figure A.6.1. Exp. 3. Linear broken–line analysis of the ADFI response. The optimum 
SID Trp:Lys ratio (breakpoint of the two straight lines) was 0.1511 (P < 0.001). 
 
 
Figure A.6.2. Exp. 3. Linear broken–line analysis of the feed:gain response. The optimum 
SID Trp:Lys ratio (breakpoint of the two straight lines) was 0.1592 (P < 0.001). 
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Figure A.6.3. Exp. 3. Quadratic broken–line analysis of the ADG response. The optimum 
SID Trp:Lys ratio (asymptote of the curve) was 0.1766 (P < 0.001). 
 
 
Figure A.6.4. Exp. 3. Quadratic broken–line analysis of the PUN response. The optimum 
SID Trp:Lys ratio (asymptote of the curve) was 0.1531 (P = 0.006). 
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Figure A.6.5. Exp. 4. Linear broken–line analysis of the ADFI response. The optimum 
SID Trp:Lys ratio (breakpoint of the two straight lines) was 0.1386 (P = 0.031). 
 
 
Figure A.6.6. Exp. 4. Linear broken–line analysis of the feed:gain response. The optimum 
SID Trp:Lys ratio (breakpoint of the two straight lines) was 0.1558 (P = 0.110). 
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Figure A.6.7. Exp. 4. Quadratic broken–line analysis of the ADG response. The optimum 
SID Trp:Lys ratio (asymptote of the curve) was 0.1674 (P = 0.041). 
 
 
Figure A.6.8. Exp. 4. Quadratic broken–line analysis of the PUN response. The optimum 
SID Trp:Lys ratio (asymptote of the curve) was 0.1589 (P = 0.023). 
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Figure A.6.9. Exp. 5. Linear broken–line analysis of the feed:gain response. The optimum 
SID Trp:Lys ratio (breakpoint of the two straight lines) was 0.1559 (P = 0.002). 
 
 
Figure A.6.10. Exp. 5. Quadratic broken–line analysis of the ADG response. The 
optimum SID Trp:Lys ratio (asymptote of the curve) was 0.1623 (P < 0.001). 
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Figure A.6.11. Exp. 6. Linear broken–line analysis of the ADFI response. The optimum 
SID Trp:Lys ratio (breakpoint of the two straight lines) was 0.1800 (P < 0.001). 
 
 
Figure A.6.12. Exp. 6. Linear broken–line analysis of the feed:gain response. The 
optimum SID Trp:Lys ratio (breakpoint of the two straight lines) was 0.1644 (P < 0.001). 
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Figure A.6.13. Exp. 6. Quadratic broken–line analysis of the ADG response. The 
optimum SID Trp:Lys ratio (asymptote of the curve) was 0.2114 (P < 0.001). 
 
 
Figure A.6.14. Exp. 6. Quadratic broken–line analysis of the PUN response. The 
optimum SID Trp:Lys ratio (asymptote of the quadratic line) based on this response was 
16.95% (P = 0.036). 
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